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Effects of Integrin Binding Peptides and Low Level Laser 

Therapy on Scaffold Free Vascularized Bone Microtissue 

Regeneration 

Abstract 

Bone tissue engineering (BTE) targets to develop bone regeneration capacity in case 

of bone damages and fractures. Although traditional monolayer cell culture is a widely 

used technique for investigation of precursor studies of BTE strategy, it may be 

insufficient to measure cellular responses and regeneration capacities. Scaffold free 

microtissues (3D SFMs) have been developed to overcome these disadvantages. The 

platform mimics in vivo conditions in terms of arrangement of cell-cell or extracellular 

matrix (ECM) and contribute to maximum cell-cell interaction in co-culture formation. 

Considering all these, the first part of the study aimed to create a vascularized bone-

like structure by coculture with human bone mesenchymal stem cells (hBMSC) and 

human umbilical vein endothelial cells (HUVEC). The cell proliferation and viability 

of SFMs were verified by diameter measurement, live and dead staining. The vascular 

potential of SFMs was analysed by Ve-cadherin, PECAM and VEGF mRNA gene 

expressions in qPCR and VEGF immunofluorescence staining. It was found that the 

coculture of hBMSC:HUVEC increased the proliferation, viability of hBMSC and 

HUVECs, and supported vascularization potential of bone like SFMs. In the second 

part of the study, the effect and osteogenic potential of integrin-binding peptides 

(IKVAV, RGD and YIGSR) on vascularized bone SFMs were investigated. The 

effects of different concentrations (0.5 mM, 1 mM, and 2 mM) of integrin binding 

peptides were examined through diameter and viability analysis, osteogenic 

differentiation analysis (DNA, ALP Activity and Calcium amount) and osteogenic 

marker expressions (ALP, collagen and osteopontin gene expressions) in qPCR. It was 

found that 1 mM RGD peptide supported higher proliferation, viability, and osteogenic 

differentiation than the IKVAV and YIGSR groups and 0.5 mM and 2 mM 

concentrations of RGD. In the third part, a plot study, the optimal light parameters in 
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low level laser therapy (LLLT) (1, 3 and 5 J/cm2 energy densities at 655 nm and 808 

nm of wavelength) were investigated to induce osteogenic differentiation in 

hBMSC:HUVEC monolayer coculture through scratch assay, ROS and ATP synthesis, 

NO release, temperature monitoring, and osteogenic differentiation analyses. LLLT-

dependent NO release and ATP synthesis were observed in monolayer culture. 5 J/cm2 

energy density at 655 nm and 808 nm of wavelength showed the highest osteogenic 

differentiation. In the fourth chapter, cell viability, diameter measurements, ROS and 

ATP synthesis, NO release, temperature measurement, osteogenic differentiation 

analyses and osteogenic marker expressions of SFMs were analysed within the same 

LLLT parameters (1, 3, and 5 J/cm2 energy densities at 655 nm and 808 nm of 

wavelength). 1 J/cm2 energy density at 655 nm of wavelength and 5 J/cm2 energy 

density at 808 nm of wavelength exhibited higher osteogenic potential than the other 

experimental groups through ROS production, ATP synthesis and NO releasing. In the 

last part, cell viability, diameter measurements, ROS production and ATP synthesis, 

NO release analysis, osteogenic differentiation and osteogenic gene expression 

analysis were performed by combining the groups with the highest regenerative 

capacity of peptides (1 mM RGD) and LLLT application (1 J/cm2 energy density at 

655 nm of wavelength and 5 J/cm2 energy density at 808 nm of wavelength). The 

combination therapy (particularly 1 mM of RGD and 1 J/cm2 energy density at 655 

nm of wavelength) improved regenerative capacity of SFMs rather than only RGD or 

only LLLT groups. Both peptide and LLLT applications in SFMs regulated and 

promoted stem cell behaviours such as proliferation, viability and differentiation due 

to the similarity to in vivo. However, the combined therapy provided higher bone 

regeneration rather than only peptide and only light applications. It is predicted that 

the combination of 1 mM RGD and 1 J/cm2 energy density at 655 nm of wavelength 

group will be a potential application that can be used in the clinical trials. 

Keywords: Scaffold Free Microtissues (SFMs), Vascularized Bone Microtissue, 

Integrin Binding Peptides, Low Level Laser Therapy (LLLT), The Combined Therapy 

with Peptide and LLLT, Osteogenic Differentiation, Bone Regeneration. 
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İntegrin Bağlayici Peptidlerin ve Düşük Seviyeli Lazer 

Terapisinin Doku İskelesiz Vaskülerize Kemik Mikrodoku 

Rejenerasyonuna Etkisi 

Öz 

Kemik doku mühendisliği (BTE) kemiğin hasar görmesi ve kırılması durumunda 

kemik rejenerasyon kapasitesini geliştirmeyi amaçlamaktadır. Geleneksel tek tabakalı 

hücre kültürü, BTE stratejilerinin öncül çalışmalarının araştırılması için hala yaygın 

olarak kullanılan bir teknik olmasına rağmen hücresel tepkilerin ve rejenerasyon 

kapasitelerinin ölçülmesinde yetersiz olabilmektedir. Bu dezavantajların üstesinden 

gelmek için doku iskelesi içermeyen mikro dokular (3D SFM'ler) geliştirilmiştir. Bu 

platform, hücre-hücre veya hücre-hücre dışı matriksin (ECM) düzenlenmesi açısından 

in vivo koşulları taklit etmekte ve ortak kültür oluşumunda maksimum hücre-hücre 

etkileşimine katkıda bulunmaktadır. Bunlar göz önüne alındığında, çalışmanın ilk 

bölümü insan kemik mezenkimal kök hücresi (hBMSC) ve insan göbek kordonu 

damar endotel hücresi (HUVEC) ile kokültür yapılarak vaskülarize kemik benzeri 

yapının oluşturulmasını amaçlamıştır. Çap ölçümü, canlı&ölü boyama yapılarak SFM 

'lerin hücre çoğalması ve canlılığı doğrulanmıştır. Vasküler potansiyeli ise qPCR da 

Ve-cadherin, PECAM ve VEGF gen ifadeleriyle ve VEGF immünofloresan 

boyamasıyla analiz edilmiştir. hBMSC:HUVEC kokültürünün, hBMSC ve 

HUVEC'lerin proliferasyonunu, canlılığını arttırdığı ve kemik benzeri SFM'lerin 

vaskülarizasyonunu desteklediği bulunmuştur. İkinci kısmda, integrin bağlayıcı 

peptitlerin (IKVAV, RGD ve YIGSR) vaskülarize kemik SFM'lerindeki etkileri ve 

osteojenik potansiyelleri incelenmiştir. İntegrin bağlayıcı peptidlerin farklı 

konsantrasyonlarının (0.5 mM, 1 mM, and 2 mM) etkileri çap ve canlılık analizi, 

osteojenik farklılaşma analizi (DNA, ALP Aktivitesi ve Kalsiyum miktarı) ve qPCR'da 

osteojenik belirteç ifadelerinin analizi (ALP, kollajen ve osteopontin mRNA gen 

ifadeleri) ile ölçülmüştür. 1 mM RGD peptidinin, IKVAV ve YIGSR gruplarına ve 

RGD’nin 0.5 mM ve 2 mM konsantrasyonlarına göre proliferasyonu, canlılığı, ve 

osteojenik farklılaşmayı daha fazla desteklediği bulunmuştur. Üçüncü kısım, rehber 
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niteliğinde bir çalışma, düşük seviyeli lazer tedavisinde (LLLT) (655 nm ve 808 nm 

dalga boyunda ve 1, 3 ve 5 J/cm2 enerji yoğunluklarında) osteojenik farklılaşmayı 

indüklemek için, yara modeli, ROS ve ATP sentezi, NO salınımı, sıcaklık ölçümü ve 

osteojenik farklılaşma analizleriyle hBMSC:HUVEC tek tabakalı hücre kültüründe 

optimal ışık parametreleri araştırılmıştır. Tek tabakalı kültürde LLLT 'ye bağlı NO 

salınımı ve ATP sentezi gözlemlenmiştir. En yüksek osteojenik farklılaşmayı 655 nm 

ve 808 nm dalga boylarının 5 J/cm2 enerji yoğunluğu göstermiştir. Dördüncü bölümde, 

SFM ’lerin hücre canlılığı, çap ölçümleri, ROS ve ATP sentezi, NO salınımı, sıcaklık 

ölçümü, osteojenik farklılaşma analizleri ve osteojenik marker ifadeleri aynı LLLT 

parametreleri (655 nm ve 808 nm dalga boyunda ve 1, 3 ve 5 J/cm2 enerji 

yoğunluklarında) ile analiz edilmiştir. 655 nm dalga boyunda 1 J/cm2 enerji yoğunluğu 

ve 808 nm dalga boyunda 5 J/cm2 enerji yoğunluğu, ROS ve ATP üretimi ve NO 

salınımıyla diğer deney gruplarına göre daha yüksek osteojenik potansiyel 

sergilemiştir. Son kısımda, peptitlerin (1 mM RGD) ve LLLT uygulamasının (655 nm 

dalga boyunda 1 J/cm2 enerji yoğunluğu ve 808 nm dalga boyunda 5 J/cm2 enerji 

yoğunluğu) en yüksek rejeneratif kapasitiye sahip grupları kombine edilerek hücre 

canlılığı, çap ölçümleri, ROS ve ATP sentezi, NO salınımı analizleri, osteojenik 

farklılaşma ve osteojenik gen ekspresyon analizleri yapılmıştır. Kombinasyon terapi 

(özellikle 1 mM RGD ve 655 nm dalga boyunun 1 J/cm2 enerji yoğunluğu), sadece 

RGD veya sadece LLLT gruplarına göre SFM'lerin rejenerasyonunu arttırmıştır. 

SFM'lerdeki hem peptit hem de LLLT uygulamaları, in vivo benzerliği nedeniyle 

çoğalma, canlılık ve farklılaşma gibi kök hücre davranışlarını düzenlemiş ve 

arttırmıştır. Bununla birlikte, kombine terapi, sadece peptit ve sadece LLLT 

uygulamalarına göre daha yüksek kemik rejenerasyonu sağlamıştır.1 mM RGD ve 655 

nm dalga boyunun 1 J/cm2 enerji yoğunluğunun kombinasyonunun klinik deneylerde 

kullanılabilecek potansiyel bir uygulama olacağı öngörülmektedir.  

Anahtar Kelimeler: Doku iskelesiz Mikrodokular (SFM), Vaskülerize Kemik 

Mikrodokusu, İntegrin Bağlayıcı Peptitler, Düşük Seviyeli Lazer Tedavisi (LLLT), 

Peptit ve LLLT ile Kombine Tedavi, Osteojenik Farklılaşma, Kemik Rejenerasyonu. 
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Chapter 1 

1. INTRODUCTION 

1.1 Bone 

 Human body is principally shaped by four major critically important tissues: 

nervous, epithelial, muscle tissue, and connective tissue. Bone is one of the critically 

important mineralized connective tissue for the adult human body [1]. Protection, 

strength, mineral deposition, homeostasis, supporting and movement tasks of the body 

are ensured by bone which plays an essential role in the interaction of the other part of 

the body, as a component of the skeletal system [2]. The architecture of bone in the 

human body is related with mechanical and biological functions of bone. Adult human 

body includes 213 bones which can be classified into five groups according to 

morphology: short, flat, irregular, long, and sesamoid [3, 4]. The shape and internal 

structures of bone, which are impacted by load and various stimuli and pressures, are 

important factors in defining bone specific properties [5].  

1.1.1 Hierarchical Structure and Function of Bone 

 Bone tissue has a hierarchical arrangement that includes contents ranging from 

macro to nanoscale that communicate with the organs and tissues of the body (see 

Figure 1.1). Histologically, bone is classified into two types: primary (woven) bone 

and secondary (lamellar) bone [1]. Woven bone constructs the early stage skeleton [1, 

2]. It barely endures in the adult skeleton, despite the fact that the primary form of 

bone forms in growth plates and the early stages of fracture callus. Woven bone is 

described as an irregular organization with random collagen fibrils and mineralization, 

which makes it adaptable but nearly weak. On the other hand, lamellar bone is 

characterized well organized and tightly packed collagen fibrils with regular 

distribution of osteocytes and matrix. Lamellar bone turns into the woven bone during 

growth and healing. The organization of lamellar bone supports rigidity and strength. 

Lamellar bone mostly consists of osteons units. 
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Structurally, bone is categorized at the macroscopic level as compact (cortical) 

and cancellous (spongy or trabecular) filled with bone marrow [4]. Whereas the 

compact part of bone constructs outside, the cancellous part of bone covers the inside. 

The recognition of both bone parts depends on their porosities and densities. The 

compact part is denser than the cancellous part. Bending, torsional, and shear stresses 

are all resistant to the compact bone architecture. The essential function of cancellous 

bone is the absorption of load and interruption of deformation. Cancellous bone, which 

is located in the bone marrow as 3 Dimensional (3D) network, is encloses in a 

relatively thin layer of compact bone that is mostly found at surrounding joints and 

inside of the skeleton. The weight of the mature skeleton comprises of 80% compact 

bone which has porosity of 5 to 10% and 20% cancellous bone which has porosity of 

50 to 90% [1]. The cancellous bone is made out of osteocytes within a honeycomb 

shaped lacuna organization of trabecular plate rods sprinkled in the bone marrow. The 

lacuna spaces within the permeable design consist of red bone marrow into which 

mesenchymal stem cells (MSCs) are delivered [6]. Compact bone is covered by an 

external periosteal surface (periosteum), which is a fibrous connective tissue sheath 

surrounding the external compact surface of the bone.  

 

Figure 1.1: Structure of the bone from macroscale to nanoscale [7]. 

The periosteum plays a significant role in the healing, development, growth, 

and formation of bone. It also contains bone cells (such as osteoblast, and osteocytes), 

Haversian channel packaged with osteons and nerve filaments. Osteons are the main 

structural part of cancellous bone [2]. They are shaped from concentric lamellae 
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surrounding Haversian canals, which lay down endosteal cells and include blood 

vessels, and nerves. The Haversian channel is a round and hollow shape, framed by 

osteogenic channels. The channel is covered by lamellae and lacunae which is the 

space between the osteocytes. Additionally, the channel includes blood vessels that 

provide metabolic enhancements, for example, oxygen, and glucose that can arrive at 

the bone surface [8]. Endosteum is a surface that covers the internal surface of all 

bones and encompasses the blood vessels (Volkmann’s canals) [7]. The bone marrow 

is a reservoir of bone and stem cells, and the blood vessels within the marrow play a 

prominent role in the blood circulation of the bone. Cancellous bone has a higher 

metabolic activity than compact bone [1]. It shows remodeling and more quick 

responses to mechanical signals because primary bone cells are located on the surface 

and are closer to circulating growth factors and cytokines.  

1.1.2 Bone Cell Types 

One of the major components of bone is bone cells which have critically 

important role in bone formation, healing, and regeneration (see Figure 1.2) 

Remodeling of bone tissue in case of needed repair old and fractured consistently gets 

through a physiological cycle to adjust to environmental changes [9]. The process is 

resulted by the activity of special cells which are firmly managed and controlled 

through biochemical pathways. The major cell types of bone tissue are 

osteoprogenitors, osteoblasts, osteoclasts, and osteocytes [10]. In vivo remodeling of 

bone mainly consists of four following stages: mononuclear progenitor cell activation, 

mature osteoclasts resorption in the organic and inorganic matrix, matrix deposition, 

and new bone formation by osteoblasts.  
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Figure 1.2: Primary cells in bone structure [11]. 

Osteoprogenitors: Osteoprogenitor cells, otherwise called osteogenic cells are 

MSCs that have a crucial role in the replacement and development of bone [2, 12]. The 

properties of osteoprogenitor cells are self-renewable and self-proliferative [13]. They 

are located within the endosteum, the cellular layer of the periosteum, and also the 

lining of the other osteogenic cells. In the osteogenic period, they are attributed as 

inactive osteoblasts. In case of bone growth, fracture, healing, and regeneration, MSCs 

differentiate into osteoblasts [2, 12].  

Osteoblasts: Osteoblasts are cuboidal cells and unique differentiated MSCs. 

Osteoblasts secrete bone morphogenic proteins (BMP) and promote bone resorption 

and formation. Bone matrix is also formed by osteoblasts in two steps: matrix 

deposition and mineralization [4]. The initial step requires secreting collagen, 

predominantly type I collagen protein, non-collagen proteins (osteocalcin, osteonectin, 

bone sialoprotein II and osteopontin), and proteoglycans. This recently formed non-

mineralized bone is called as osteoid. Then, the mineralization process occurs through 

hydroxyapatite crystals. Resistance to the pressure and homeostasis of bone are 

supported by osteoblast [10]. They produce bone extracellular matrix (ECM) 

composed of primarily collagen type I (COL) [9], alkaline phosphatase (ALP), 

osteopontin (OPN), and osteocalcin (OCN) [10, 14]. The mature forms of osteocytes 

are osteoblasts [10, 12, 14].  
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Osteocytes: Osteocytes are differentiated osteoblasts that is structure 95% of 

the cell part of the bone; in this manner, they are the most plentiful bone cell type [6, 

10]. They have a major role in the bone forming process. Osteoblasts are inserted in 

the mineralized ECM, declined their volume, and turned stellar like shape with long 

cycles which constitute an organization with their near cells on the bone surface [14]. 

Osteocytes coordinate the bone formation and resorption activities by interpreting 

mechanical loading into biochemical signals [9, 10, 14]. 

Osteoclasts: Osteoclasts are final differentiated multinuclear cells of 

monocyte/macrophage which are differentiated by hematopoietic stem cells. These 

cells are located in the bone marrow and assembled with peripheral blood [6, 9]. 

Neighboring stromal cells and osteoblasts can regulate the differentiation and 

activation of osteoclasts. Osteoclasts break down the inorganic matrix [6] and secrete 

acids and lytic enzymes to degrade ECM proteins [9, 14]. During bone formation, 

osteoclasts are settled on the surfaces of the trabeculae or the inner surfaces of the 

compact parts and initiate dissolve them so they make new bone tissue [2]. In this way, 

the bone tissue has the opportunity to extend and expand, and to remove the aging and 

replacement.  

1.1.3 Bone Matrix 

The major bone component is matrix aside from bone cells. The matrix (which 

makes up 90% of bone) comprises four significant units: inorganic or mineral unit 

(65%), organic unit (20%), and lipids and water (less than 15%) [1, 3]. The inorganic 

bone matrix, which is called mineral phase, accounts for 99% of the storage of calcium 

in human body, 85% of the phosphorous, and 40% to 60% of the magnesium [2], 

sodium, and potassium [4]. Inorganic matrix is fundamental as hydroxyapatite which 

occurs with the chemical reaction of calcium and phosphate [4]. These ions constitute 

osteocalcium phosphate crystals (Brushite). While the rigidity of bone is regulated by 

hydroxyapatite crystals, the strength of bone is regulated by collagen [2]. These 

crystals are stored in a network of collagen fibrils and are surrounded by a layer of 

water and ions. The layer helps provision of calcium and phosphorus from the bone 

tissue to the blood in case of unsupplied these minerals in the body. The structure 

supports mainly bone strength, rigidity, and protection from compressive powers. 
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Additionally, bone can turn to soft, malleable, and spongy form in case of bone 

removal. 

The tensile strength is provided by organic unit of bone [4]. The organic part, 

mostly type I collagen (nearly 90%) along with type V and XII, is produced by 

osteoblasts [1, 3]. The other 10% part of organic unit of the bone comprises of specific 

proteoglycans for bone and non-collagenous glycoproteins. Type I collagen with 

specific aminoacid substance is recognized by different collagens. It is framed of a 

triple helix of two α1 chains and one α2 chain. Each triple helix polypeptide chain of 

collagen is needed glycine, which is the smallest aminoacid, to create main structure 

of (Gly-X-Y)n sequence. The glycine is in the primary position, the X and Y position 

frequently followed by proline and hydroxyproline [4]. The type I collagen has 

relatively huge diameter fibrils so it provides large tensile loads in tissues including 

tendon and ligament. Bone specific proteoglycans are made out of 

glycosaminoglycane protein heterocomplex, for example, decorin and biglycan [4, 

14]. They play critical role incollagen fiber association and growth factor binding. 

Non-collagenous proteins regulate the adjustment of the mineralization, and 

behaviours of cells. These proteins are osteocalcin, osteopontin (bone cell binding 

protein), osteonectin, and bone sialoprotein. Additionally, natural bone matrix has 

some growth factors such as IGF-1, IGF-2, bone morphogenic proteins (BMP), IL-1, 

IL-6 and platelet-derived growth factors that play an active role in the regulation of 

bone function [1, 3, 4]. 

1.1.4 Bone Formation 

 Bone formation is also called ossification or osteogenesis which occurs with two 

different steps: endochondral (Intracartilaginous) and intramembranous 

(Mesenchymal) ossification [15, 16]. In both of them, the developing first bone is the 

primary bone. The primary bone replaces with the secondary bone. During 

development of bone formation, primary and secondary bone and also resorption areas 

are found side by side [2]. Endochondral ossification (EO) is mostly realized in long 

bone formation [1]. Except for skull bones, the majority of the mammalian skeleton is 

formed by EO, which occurs when cartilage is replaced by bone tissue. The EO is 
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triggered by the proliferation of chondrocytes into five zoned hyaline cartilage 

structure (see Figure 1.3). The construction of a cartilage model, growth of the 

cartilage model, development of the main ossification center (clustered osteoblasts are 

called ossification center), development of the secondary ossification center, and 

production of articular cartilage and epiphyseal plate are all followed processes in EO 

[15-17]. Briefly, the process of EO performed these following steps [1]: The resting 

zone mostly contains typical chondrocytes. When the chondrocytes proliferate in the 

proliferative zone, they show hypertrophy in zone 3 and delivery Alkaline Phosphatase 

(ALP), which ultimately results in chondrocyte apoptosis and arrival of angiogenic 

factors containing Vascular Endothelial Growth Factor (VEGF). Barren matrix is 

created by dead chondrocytes in calcification zone which supports migration of 

osteoprogenitor cells and capillary ingrowth. Then, osteoprogenitor cells generate 

osteoblasts.  

 

Figure 1.3: Endochondral bone formation [17]. 

The intramembranous ossification (IO) spontaneously occurs without EO. The 

process develops during the flat bone formation, primary bone healing, and distraction 

osteogenesis. MSCs in the embryonic skeleton differentiate into osteoblasts and 
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capillary cells. The osteoblastic cells take place ossification centres (see Figure 1.4) 

[2, 15].  

 

Figure 1.4: Intramembranous Bone Formation [15]. 

IO take places via spontaneously improvement of ossification center [1, 2, 15]. 

Osteoid tissue (bone matrix) is created by osteoblast which is settled into the lacunae. 

After a few days, the osteoid tissue shows mineralization. Then, osteoblasts produce 

osteocytes. Primary cancellous bone and periosteum are shaped. Encapsulated cells 

and blood vessel formation are formed. Deposition of osteoid is followed by 

osteoblasts, the encased cells form into osteocytes. Accumulating osteoid is set down 

between embryonic blood veins, which structure a random organization of trabecular 

(instead of lamellae). Additionally, vascularized mesenchyme consolidates on external 

face of the woven bone and turns into the periosteum. Osteocytes lose their capacity 

to contribute to expansion of bone size. However, osteoblasts on the periosteum 

surface produce more osteoid tissue that thickens the tissue layer on the current bone 

surface. Shaped woven bone that subsequently turns into mature cancellous bone. 

Cancellous bone, consisting of distinct trabeculae, persists internally and vascular part 

of cancellous bone becomes red marrow. The cancellous bone is shaped by the fusion 

of many ossification centres. Bone mineralization makes bone moderately 

impermeable for supplements and metabolic waste. Compact bone is newly formed 

and thickens on the trabeculae. During bone formation, veins and surrounding 

connective tissue are compressed. Additionally, the Haversian canals are modelled in 

bone structure. 
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1.1.4.1 Vascular Supply for Bone Formation 

Bone is a dynamic and vascularized tissue going through consistent 

remodelling [16, 18]. Long bones especially contain diaphyseal nutrient artery and 

periosteal veins that penetrate the bone and interface to the encompassing vascular 

supply of tissue [15]. Tiny blood veins support nutrients and removals of waste for 

osteocytes in the complex bone. The structure carries oxygen and supplements to 

osteocytes implanted inside the concentric mineralized lamellae and the fundamental 

multicellular unit including endothelial cells, osteoblasts and osteoclasts [18]. While 

vascular cells can regulate bone cells activity, bone cells can also regulate the activity 

of vascular cells [19, 20]. Vascular structure basically consists of endothelial and mural 

(or perivascular) cells. The perivascular cells can be classified as pericytes and 

vascular smooth muscle cells. Endothelial cells are functional cell types in blood vessel 

formation process. Angiogenesis or vasculogenesis processes contribute formation of 

blood vessels.  

Growth of new capillaries happens from pre-existing blood in angiogenesis 

[21, 22]. The process is mainly defined as followed steps: endothelial cell activation 

and matrix degradation, cell proliferation, vasculogenic assembly, vessel sprouting, 

formation of lumen and vascular structure remodelling [22]. Similar to angiogenesis, 

vasculogenesis is also new vessel formation process. Vasculogenesis depicts the 

improvement of fresh blood vessels from in situ separating endothelial cells [23]. 

Vasculogenesis is characterized as the differentiation of endothelial precursors, or 

angioblasts, into endothelial cells during the early development of embryo and de novo 

constitution of a primitive vascular organization [21]. Mesenchymal cells and smooth 

muscle cells are necessary for vascular regeneration, stabilization, growth, and 

maturation. In addition, vasculogenesis can be regulated by internal signals. The 

internal signals are directed by special molecular markers of endothelial cells. Since 

bone is a highly complex and vascularized tissue, these directions are also crucial for 

bone vascularization process.  
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1.2 Bone Tissue Engineering 

Bone tissue is a programmed organized tissue which has repair and 

regeneration capacity. However, bone disorders are daily problem with striking health, 

social and economic consequences. Bone health can be also deteriorated by age, 

damage, fractures and diseases. More than 20 million people are faced with bone loss 

[24, 25]. Bone has naturally the capacity to heal uninterruptedly in the event of injury 

throughout adult life as a requirement of the skeletal system. Bone recovery contains 

a perfectly tuned series of organic occasions of bone acceptance and conduction, 

including various cell types and intracellular and extracellular signalling pathways, 

with the end goal to upgrade skeletal fix and establish skeletal capacity [13]. However, 

natural regeneration capacity of long bone fractures may be insufficient [26]. Thus, 

organ grafts (such as autograft, allograft, and xenograft) are used to effort these 

fractures. Autograft is a type of grafts which is taken from a person and transferred to 

same person [27]. It doesn’t have any rejection risk and disease transmission challenge 

even though harvest sites limitation, additional operations and amount of graft material 

cause patients to hesitate. Allograft is transplanted from cadavers to a recipient [28] 

but it carries risks of contamination and immune rejection [29]. Xenograft is harvested 

from animals. Moreover, nearly 60% of grafts fail for osteointegration to bone units 

and repair fractures [30]. To overcome those disadvantages, new strategies such as 

bone tissue engineering (BTE) are welcomed approach to recover bone fractures.  

BTE is a multidisciplinary field that aims to regenerate and repair damaged 

bone tissue by using physiological pathways, biological process, bioactive materials 

and cell therapies [29, 31, 32]. BTE primarily aims to understand natural structure of 

bone, mimic the structure in vitro conditions and improve regeneration capacity of 

bone. Thus, the field benefits from stem cells, growth factor/signal molecules and 

scaffolds based or scaffold free systems to create engineered tissue (see Figure 1.5) 

[29-31, 33]. These combinations target cell attachment, growth, viability, proliferation, 

high quality matrix interaction, osteogenic differentiation and vascular ingrowth [32].     
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Figure 1.5: Bone tissue engineering strategies for regeneration. 

1.2.1 Stem Cells 

One cell type of hematopoietic tissue derived [34] is progenitor cells, which 

are initiator cells for regeneration, have therapeutic potential for bone repair 

mechanism [32]. For BTE, especially mesenchymal stem cells (MSCs) are precious 

sources to create bone architecture. Under the appropriate physiological conditions, 

stem cells can migrate to damaged area and differentiate into several tissues such as 

cartilage, bone, neuronal tissue, muscle, tendon, and adipogenic tissue [35].  

Human MSCs are recognized one of multipotent stem cell that can be promptly 

obtained from different grown-up tissues including the bone marrow, adipogenic tissue 

and blood [9, 30, 32]. Human bone marrow stem cell (hBMSC) is one of the most 

suitable cell type because of wide accessibility, high proliferation and migration 

capacity [30, 36], low risk profile and minimally invasive isolation process [37]. 

hBMSC is a viable alternative source for autologous bone transplants [30].  

hBMSCs closely get in the contact with endothelial cells in natural bone 

structure because the combination of stem cell and endothelial cell promoted the 

vascularization of bone tissue. As vascularization is critically important process for 

bone formation, stem cells in bone regeneration are needed vascular cells. One of the 
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differentiated human endothelial progenitor cells is human umbilical vein endothelial 

cells (HUVECs) which promote vascularization of bone [38]. The coculture of 

hBMSCs and HUVECs increases cell viability in vitro conditions [18, 38]. Moreover, 

vascular endothelial growth factor (VEGF), which is released by HUVECs, improves 

to osteogenesis [18, 38] and regulates vasculogenesis [20]. Furthermore, bone 

morphogenic proteins (BMPs), which are also induced by VEGF, support osteogenic 

differentiation of hBMSCs [18]. Consequently, the coculture of stem cells and 

endothelial cells are critically important for expression osteogenic markers and also 

osteogenesis. 

1.2.2 Growth Factors/Signal Molecules 

Understanding biochemical environment of bone supports to easily creating 

natural bone structure [39]. Biomimetic agents (growth factors and signal molecules) 

are specific components that are used as BTE strategy to promote differentiation of 

stem cells and to increase regeneration capacity of bone. Differentiation of hBMSCs 

is also triggered by the microenvironment. The microenvironment including the agents 

transfers signal molecules for stem cell differentiation and provides faster 

regeneration. As physiological, growth factors play fundamental role in bone ECM 

[30]. After injury, growth factors are actively synthesized and delivered for remedy of 

damaged bone. The factors also promoted proliferation, migration, differentiation of 

cells and also ECM synthesis. Bone morphogenetic proteins (BMPs), changing growth 

factors -β1 (TGF-β1), vascular endothelial growth factors (VEGF), and insulin-like 

growth factors 1 (IGF-1) can significantly regulate bone repair. Growth factors such 

as VEGF and BMP permit to accelerated bone and vascularization [33]. In similar, 

bioactive signal molecules (hormones, antibodies, and nucleic acids) are also effective 

agents for bone healing process [40]. They can regulate bone regeneration by 

promoting cell proliferation and producing ECM.  

1.2.3 Scaffold Based Approach  

Scaffold based materials aim to regenerate bone unions in case of restricted 

accessibility or morbidity of donor [29]. Many different biomaterials (natural 

scaffolds, ceramics, polymers, metals, and composites) can be utilized for the 
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development of the platforms that better mimic bone organization and repair damaged 

bone structure [29, 41]. The major properties of biomaterials in BTE are 

biocompatibility, bioactivity, biodegradability, reproducibility, ability three 

dimensional (3D) structure, high porosity, and no potential of immune rejection [26, 

29]. 

Natural scaffolds such as alginate, collagen, fibrins, gelatine and etc. can mimic 

natural environment of tissue [26, 29, 30]. They have porous 3D structure and available 

and biocompatible properties [29] but they have low mechanical properties. Thus, their 

structures are also brittle. Ceramics comprise inorganic oxides and salts such as 

calcium phosphates, which is one of the major bone components [31, 42]. Bioceramics 

can provide osteoinductivity (enrolment of immature cells and development of 

preosteoblasts) and osteoconductivity (bone growth on the surface) for bone tissue 

[43]. Biomimetic scaffolds with bioceramics exhibit great mechanical strength and 

adjustment capacity. Although they are degradable materials, slow motion degradation 

and brittle properties are disadvantages of those scaffolds [44]. Polymers are 

biomaterials which remodel bone tissue and permit to tissue growth [30, 42]. Synthetic 

polymers (polycaprolactone (PCL), polylactic acid (PLA), poly(glycolic acid) (PGA) 

and etc.) can be hold under the control so they are open source for the surface 

modification [26, 29]. A critical unfavourable properties of polymers are their lower 

ability in terms of interaction with cells [26], poor cell adhesion and compression 

strength [44]. Metals (for example: titanium, stainless steel, cobalt) have superior 

mechanical features such as great strength, formability and hardness [41, 42]. 

Nonetheless, they have many limitations such as toxic corrosion products, low long 

term functionality and lack of inherent bioactivity [42]. Composites are created by 

combination of two or more different biomaterials [29]. They have biocompatible 

properties and great degradation rate for bone tissue. Moreover, they are also 

osteoconductive materials [44]. However, composites are fabricated to eliminate 

disadvantages of the other biomaterials [29], the fabrication procedures can be 

complex [44].  

The regeneration of bone may occur with scaffold based approach because of 

their natural 3D shapes and possibility of cell growth, viability and differentiation of 



14 

 

hBMSC rather than 2D systems. However, the using scaffold based approach presents 

some challenges addition to special disadvantages of scaffold types. For example, 

inhomogeneous cell distribution in porous scaffolds and low initial density for large 

constructs [45]. Synthetic scaffolds are particularly required biofunctionalization 

process [46]. Scaffold based approach, which is not static, exhibits insufficient 

nutrients diffusion and wastes removal of cells. It does not permit self ECM production 

[45]. These challenges move from lab benchtop to clinical relevance has been credited 

to biomaterials (limited known compounds, regulations and functionalities) and 

complexity (too complicated large scale production and reproducible fabrication) 

impediments [32]. To overcome these challenges, scaffold free approach is an 

alternative way for bone regeneration in BTE. 

1.2.4 Scaffold Free Approach 

Scaffold free approach, which is a bottom up technique, is set up self-assembly 

systems [45]. It doesn’t have any solid support by allowing cell growth within own 

ECM [47]. On the other hand, it relies on self-aggregation and organization properties 

of cells to produce 3D spheroids or organoids [48]. The approach presents simulation 

of complex bone structure because it permits to natural cell to cell connection and cell 

to matrix interaction [49]. Unique design of microenvironment in tissue can be utilized 

to enhance proliferation rate, ECM production, stem cell differentiation and migration 

[49, 50]. Since natural ECM components are directly synthesized by cells, it is easy to 

lead to enhance cell to cell contact and communication and also follow signalling 

pathways [51, 52]. In addition, the approach provides to control culture conditions via 

growth factors or additional biomaterials. When scaffold free approach also presents 

in vivo, it also permits to growth factor and signal molecule diffusion on in vitro 

condition in absence of the scaffold networks [53]. It is possible to come together 

multiple cells so it gives more similar results to in vivo systems rather than monolayer 

culture [51, 52, 54]. Gene and protein expressions of stem cells and endothelial cells 

in scaffold free approach are also identical with in vivo systems [55, 56]. Thus, 

scaffold free approach supports to mimic natural bone structure in vitro conditions. 
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Scaffold free approach, which contributes to the perfect cellular connection and 

cell matrix interaction, helps to understand in vivo conditions for cellular development. 

Thus, 3D scaffold free systems have been gained a trend in recent years. Researches 

about scaffold free approach sharply increased between 2016 and 2019 according to 

study of Lee, SJ and Lee, HA in nonclinical testing (57). The reason of the dramatically 

tend to use of scaffold free approach may depend on having high applicable technology 

for many different tissues and cell types such as brain, heart, muscles, lung, liver, 

kidney, cancer, blood, and stem cells [50, 57-59]. Since these different cell types has 

enabled in scaffold free approach, the approach can be practiced in many fields such 

as precision medicine, toxicology, drug discovery, host and microbe interactions, gene 

editing, phylogenetic studies, development biology, disease remodelling (tumor 

ingrowth) and regenerative medicine [58, 59]. 

Scaffold free approach has many different fabrication techniques such as pellet 

culture, hanging drops, bioreactors, cell sheets, microfluidics, magnetic levitation, and 

low attachment plates [45, 46, 48, 49, 53, 55, 60, 61]. 

Pellet culture: The technique is get together by centrifugal force. Cells are 

adhered into each other on deep of the tube [55]. After cell pellet is removed, it is 

resuspended to form spheroids or microtissues. It can be used in signalling pathway 

researches. Moreover, it can be used many different biomedical application such as 

differentiation of stem cells.  

Hanging drops: The technique employs specific hanging drop plates with a 

bottomless well where the media droplet develops [46]. Aggregates within the tiny 

droplet of culture medium form the microtissues. Coculture can be accomplished by 

adding cells during the initial distribution or by increasing cells sequentially. 

Additionally, it is moderately easy and productive. Moreover, it is applicable for 

different cell lines without toxicity tests and drug discovery. On the other hand, the 

technique has an advantage in terms of reproducibility with persistent size of 

spheroids.  
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Bioreactors: Cells are cultured into spinner or rotating wall vessels. They are 

durable suspended state in containers. The critical point of the technique is stirring rate 

because high speed may be detrimental for cells [55].  

Cell sheets: The technique, which doesn’t use any scaffold to produce 

microtissue, uses only tiered cells layer by layer [49]. Basically, cell sheets are 

constructed in monolayer culture flasks where are covered by thermoresponsive 

polymer [45]. They are harvested depending on thermal parameters [62]. They can be 

applied for prevasculogenesis, corneal tissue, dentistry and also BTE [45, 62]. 

Microfluidics: The miniaturize device is constructed by many interconnected 

microwells to loading chamber through with microchannel that has more dynamic 

environment [46, 61]. Microfluidics allow for accurate control of low amounts of fluid 

through hollow tubes as small as 1 µm diameter. Spheroids, which have uniform size, 

may be manufactured at high throughput and are applicable for both monocultures and 

cocultures. Microfluidics, which are cost effective platforms, remodel to test efficacy 

and toxicity of the growth factors or signal molecules because they contribute 

examination of gradient of oxygen, nutrients or chemical concentration [61]. Organ on 

chip based microfluidics center on mimicking the healthy tissue functions or disease 

responses. The property allows to investigate disease phenotypes and pharmacological 

responses that are clinically relevant and provides more accurate predictions of 

treatment efficacy. 

Magnetic levitation: Spheroids are formed through magnetic nanoparticles 

[46, 60, 61]. Magnetic nanoparticles are attached into cells during a day. After 

magnetic field is applied into cells, spheroids are fabricated without continuous 

magnetic field. 

Low attachment plates: The surface of low adhesion plates, which has wells, 

inhibits cell adherence into surfaces and encourages cell aggregation [46]. The coating 

material which may be poly-2-hydroxyethyl methacrylate (HEMA) or agarose [60, 

61]. Agarose is a really successful substance for preventing cell attachment. It 

outperforms in terms of non-adherent characteristics compared with the poly-HEMA. 

Cells grow depending on microgravity on agarose and release self  ECM proteins [55].  
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Agarose, is specifically used material in 3D petri plate which is one of the low 

attachment plates fabrication technique, can be preferable for tissue modelling [54, 63, 

64]. In agarose, cells spontaneously form scaffold free microtissues (SFM) by boosting 

cell to cell adhesion and cell to self-synthesized matrix protein connection. It is ideally 

suited for multicellular culture due to their huge capacity. Since it is a non-toxic 

compound, it is commonly utilized for BTE applicaitons. Moreover, the technique has 

high throughput screening and mass production properties [61]. 

SFMs, which are fabricated in low attachment plates, construct a diffusion 

gradient for nutrients, oxygens, carbondioxide, biological or chemical compounds [60, 

61]. They also create a proliferation zone and permit to follow proliferative effects of 

biomaterials, growth factors and signal molecules (see Figure 1.6) [60, 65].  

 

Figure 1.6: Zones of Microtissue [65]. 

The proliferative zone is shaped on outside of SFMs [65, 66]. The middle layer 

is quiescent zone where receive less oxygen molecules than proliferative zone [65, 67]. 

Hence, the layer develops slowly compared with outside of SFMs. The inner layer of 

SFMs includes necrotic cells which are constructed necrotic zone. Metabolic products 
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such as CO2 level, lactate and waste increase from proliferative zone to necrotic zone 

[65]. Controversy, oxygen level, pH and nutrients decrease from proliferative zone to 

necrotic zone [65, 66]. SFMs exhibit maximum cell to cell interaction and cell matrix 

communication [65]. Especially, desmosome structure which is intercellular junctions, 

plays a crucial role in cell behaviour [68]. The structure is responsible for context-

dependent signals and regulation of cell behaviours such as migration, adhesion, 

differentiation, and tissue specific expression even tissue regeneration. Additionally, 

cell to cell interaction is occurred by gap junction which is intercellular connection 

[69]. The interaction improves the transduction of cellular signals which includes 

proliferation, angiogenesis, survival, differentiation, and even responses to treatments 

[55, 70]. Similar to desmosomes, gap junctions also regulate bone tissue development, 

MSC differentiation, remodelling.  

Since SFMs have the high capacity of cell to cell and to matrix, they model in 

vivo conditions in terms of proliferation, migration, adhesion, differentiation of MSC, 

and tissue regeneration. Thus, bioactive molecules, particularly peptides, can be 

examined by using more complex systems such as SFMs. SFMs could serve more 

realistic response in terms of sensitivity and resistance to bioactive molecules because 

they are platforms that have a tissue deep [63, 64, 71]. SFMs mimicking in vivo 

conditions might permit more precise characterization of varieties in cells, gene, 

protein, and bioactive molecules, and ingredients. Therefore, SFMs have great 

advantages in bone regeneration particularly bioactive peptide researches [63, 72]. 

1.3 Biofunctional Peptide Application for Bone Regeneration 

Proteins are small constitutes of cells that are primary constructed by peptide 

chains [73]. All proteins have bioactive chains which carry out the activation process 

of proteins [73, 74]. The active sites interact with specific binding target which is 

peptide sequence. Peptides are small molecule chains and consisted of 2-20 

aminoacids [74-76]. Due to diversity of their biofunctionality, peptides have received 

increasing attention from the pharmaceutical and cosmetic perspectives as well as the 

scientific community [76]. Peptides have voluminous advantages so peptide therapies 

make for a large percentage of the pharmacological industry, with global sales 
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exceeding $70 billion in 2019, indicating a more than two-fold jump over 2013 [77, 

78]. Peptides are obtained from natural sources such as milk, fish, meat etc. as well as 

synthesized in the laboratory conditions.  

1.3.1 Chemistry of Peptide Synthesis 

Peptide synthesis process basically covers two major methodologies which are 

liquid phase peptide synthesis and solid phase peptide synthesis (SPPS) under 

laboratory conditions [79]. Classical liquid phase peptide synthesis supports large 

scale products but it causes low purification yields, only small sequences and 

optimization problems. Moreover, liquid phase synthesis is also time consuming and 

laboratory intensive technique [77, 80, 81]. Products of liquid phase peptide synthesis 

show less purity. 

To overcome these disadvantages of liquid phase peptide synthesis, SPPS has 

been developed by Merrifield in 1963 [77, 81, 82]. Basically, synthesis of SPPS is 

made up of a cycle that involves the carboxylic group of amino acids being coupled to 

a solid polymeric resin and the amine group being released from the protection group 

(see Figure 1.7) [77, 82, 83]. SPPS follows these fundamental steps: 1. binding the 

first aminoacid into resin, 2. deprotection of side chain protecting groups, 3. coupling 

new aminoacid with previous aminoacid, 4. repeat 2. and 3. steps until the end of the 

sequences, 5. cleavage peptide sequences from the resin [83]. The amine group and 

the side chains of the amino acids are frequently protected by distinct chemical groups 

during synthesis, which reduces the purity of peptides [83]. 
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Figure 1.7: Schematic of SPPS steps [83]. 

SPPS uses either Bmoc or Fmoc chemistry as protection groups [77, 80]. Fmoc 

chemistry became the most popular because it includes less toxic compound than 

Bmoc in terms of purification and separation process of protection group [80]. Since 

Fmoc chemistry has less side reaction and also more safety than Bmoc chemistry, the 

Fmoc is more preferable for SPPS.  

It is possible to attain stabile biofunctional peptides that can be produced by 

Fmoc-SPPS methodology in laboratory conditions. Previous studies have been shown 

that chemically synthesized peptides are able to exhibit properties of natural peptide 

and protein sources [63, 64, 81]. 

1.3.2 Biomimetic Peptides 

Biomimetic peptide may probably initiate physical and biological pathways 

[73, 75, 76, 84, 85]. They tend to a wide range of biological functions, including 

immunomodulatory, antimicrobial, mineral binding, antioxidative, and regenerative 

properties [73, 75, 76]. The usage of biofunctional peptide fragments supports to low 

toxicity, high biological and chemical diversity, immunogenicity, high selectivity, 
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great efficacy, low accumulation in biological systems, and a variety of specific targets 

[86].  

Biomimetic peptides comprising signalling domains interact with receptors on 

the ECM proteins and surfaces of cell membrane [87-89]. Diversity of ECM related 

peptides has been investigated for bone regeneration. They use sources of ECM 

proteins and send signal molecules for bone cell attachment, migration, proliferation, 

and differentiation [84, 87, 88]. Moreover, they also upregulate ECM products and 

expressions of osteogenic gene markers. One of the ECM related biomimetic peptides 

is integrin binding peptides [87]. 

1.3.2.1 Integrin Binding Peptides 

Adhesion is a dynamic process, with cells constantly are on the alert for their 

environments. Since cells have a highly sensitive receptor, they react immediately 

altering their orientation and differentiation [90, 91]. Integrins, which are adhesion 

molecules of cells, moderate cell to cell and cell to ECM interactions in a wide range 

of physiological process, along with adhesion and migration, differentiation, 

proliferation, mechanotransduction (Mechanical stimuli are sensed and responded by 

cells which turn them into biochemical signals that activate specific cellular responses) 

organ development and tissue regeneration [90, 92-94].  

Moreover, integrins are heterodimeric membrane proteins made up of α and β 

subunits that are an essential component of integrin-adhesion complexes in focal 

adhesions in terms of outside to inside signalling [88, 92, 95, 96]. These orientation, 

proliferation and differentiation are possible with regulation of α and β subunits of 

integrin. The subunits, which are linked each other as covalent and construct 

heterodimer structure, consist of type I transmembrane protein which links with ECM 

and cytoplasma membrane [92]. Human and mice have 18 integrin α subunits and 8 

integrin β subunits, resulting in at least 24 distinct integrin αβ heterodimers [90, 92, 

93]. The heterodimer complex transmits transmembrane signals as bidirectional by 

conformational changes. The extracellular domains undergo widespread 

conformational changes, resulting in a fast increase in ligand-binding affinity [92, 96, 
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97]. Integrin receptors have many binding capacity of ligand receptors. The activation 

of these receptor is modulated by ECM and surface adhesion molecules [90, 92].  

The ligand and ECM interaction induces the stabilization of high affinity 

conformations that maintain signalling to the cytoplasm, consequently altering cellular 

processes such as proliferation, metabolism, and migration [92]. Thus, integrin 

mediated cellular behaviours play a critical role in proliferation, migration, adhesion 

and differentiation of stem cells, even regeneration capacity of bone [9, 87, 96]. Since 

most of cell to ECM interactions are mainly regulated by universally expressed 

integrins, integrin binding sequences such as Arg-Gly-Asp (RGD), Ile-Lys-Val-Ala-

Val (IKVAV), and Tyr-Ile-Gly-Ser-Asp (YIGSR) have crucial role in regulation of 

bone regeneration [95, 98-102]. These subunits adhere to bone matrix proteins such as 

(collagen, osteopontin, laminin, fibronectin, vitronectin, etc.) and upregulate 

osteogenic genes and protein expression [87, 88, 99-101, 103]. 

RGD: RGD is one of the most well-known small peptides in BTE. RGD targets 

specific plasma membrane glycoproteins, allowing the classification of ECM protein 

receptors, many of which are α and β heterodimers of the integrin family [90, 104]. 

RGD is a short peptide which is found in ECM proteins such as fibronectin, laminin, 

vitronectin or bone sialoprotein [95]. RGD unit of fibronectin, which is one of the 

ECM protein, is recognized by five different integrin subunit (mostly α5β1) [96, 104]. 

It binds to integrins to improve cell adhesion, proliferation and differentiation. 

Literature has been reported that small RGD units can augment attachment and 

differentiation of MSCs [95, 105]. RGD sequence directly enhances osteoblast survive 

[96]. Additionally, RGD contributes to bone ECM deposition and intracellular bridges 

[105]. Thus, RGD may be effective sequence to ensure bone regeneration. 

IKVAV: One of peptides of laminin protein structure, which is located within 

ECM, is IKVAV sequence [97]. The IKVAV sequence consists of Isoleucine, Lysine, 

Valine, Alanine and Valine aminoacids, respectively. Laminin protein is one of the 

main proteins in ECM of bone marrow [106]. Especially, α subunit of laminin is 

mostly accountable for integrins binding receptor. Although laminin expression is 

mostly observed in endothelial cells, the relation of laminin and integrin supports cell 
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viability, adhesion, proliferation, migration, and differentiation of stem cells [104, 

106-112]. The peptide may lead bone regeneration in case of stem cell and endothelial 

cell combination. 

YIGSR: Similar to IKVAV, YIGSR is also found in β1 unit of laminin [88, 

102, 113]. YIGSR may also regulate integrin mediated signalling molecules just as 

RGD and IKVAV [102]. YIGSR supports attachment, spreading, proliferation, and 

migration of cells [88, 102]. Additionally, it improves cell to matrix interaction [114, 

115]. YIGSR peptide may affect stem cell adhesion and environment [115]. The 

adhesion of stem cell forces integrin protein interaction so stem cells attached into 

bone ECM. Additionally, the attachment of matrix in stem cells contributes to 

differentiation and regeneration of them.  Li L. et. al. showed that scaffolds including 

YIGSR sequence may enhance bone regeneration capacity [114].  

1.4 Low Level Laser Therapy (LLLT) or 

Photobiomodulation (PBM) 

Low level laser therapy (LLLT) is another application of BTE. LLLT can be 

used to improve regeneration capacity of bone. Historically, Nils Finsen won the Nobel 

Prize by using lamps in recovery of tuberculosis research in 1904 [116]. However, 

discovery of LLLT dates back into the late 1960s by Endre Mester. The term of LLLT 

replaced with Photobiomodulation (PBM) which is mostly used in nowadays [116-

119]. Many different fields such as targeting inflammation, sport injuries, 

ophthalmology, dermatology, autoimmune disease, lung disease, enhancements of 

performance, skin and bone healing [116, 119] benefit from LLLT or PBM.  

LLLT can be provided by low level lights or light emitting diodes (LEDs) at 

visible (400-700 nm) and at near infrared spectrum (700-1000 nm) (see Figure 1.8)  

[116, 120]. Clinical trial benefits from spectra between 600 and 1000 nm, which is 

called as therapeutic window, addition to blue, green, yellow, and infrared spectra in 

visible light [121, 122]. Since the visible light is restricted by penetration depth, it may 

fail for surgery to form a physical window [122]. However, the 690 nm and 860 nm 

range (laser light) is defined as the ideal range because of their penetration capability 
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[121, 123]. Actually, the laser light source generates electromagnetic radiation with a 

high degree of coherence rather than non-coherent LEDs, which is often 

monochromatic and directed, and is similar to a flat wave. Since laser light is amplified 

by stimulated emission, it has properties such as monochromic, collimation and 

coherence [124]. Moreover, red and near infrared ranges have healing features on cells 

where they can enhance energy production and regeneration so the laser light reaches 

deeper area of tissues [122].   

 

Figure 1.8: Electromagnetic spectrum for LLLT [120]. 

1.4.1 The Molecular Mechanism of LLLT 

The LLLT influences the action of photoacceptors or chromophores for 

induction cell signalling in biological systems [119, 125]. Chromophores are 

absorption molecules for light. One of the main chromophores in LLLT is cytochrome 

c oxidase (CCO) which is unit IV of mitochondrial respiratory chain in living 

organisms [116, 118]. CCO specifically absorbs red and near-infrared lights which 

increase advancement in energy metabolism due to the ATP synthesis [126], 

production of reactive oxygen species (ROS), and releasing of nitric oxide (NO) [119, 

127, 128]. As the biochemical results of mitochondrial activation, electron transport, 

calcium influx from mitochondrial membrane and oxygen consumption increase in 

cells [116]. Additionally, produced ATP, ROS and NO molecules trigger signal 
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molecules in microenvironments of cells [129, 130]. The set of events accelerates cell 

division by increasing the synthesis of DNA and RNA, transcription factors, and 

proteins that play roles in the regulation of the cell cycle [130]. The biostimulatory 

molecules of LLLT provide DNA synthesis, cell proliferation, ECM synthesis, 

differentiation of stem cells, mineralization, wound healing even bone regeneration 

[116, 119]. 

1.4.2 Low Level Laser Therapy for Bone Regeneration 

Bone is a complex tissue which has regeneration capability in case of damages, 

injury and fractures. However, large bone defects may show inadequate self-

regeneration. Hence, LLLT presents an alternative way for bone regeneration 

particularly in large bone damages by using bone cell repair mechanism [131]. It 

triggers cell response mechanism without any thermal effect [132, 133]. LLLT 

supports cell proliferation [129], cell attachment and migration [134]. The degree of 

influence of LLLT on bone regeneration capacity depends on light parameters such as 

wavelength of light, energy density, output power, duration time, number of 

applications (single, double or triple treatment) and the size of the application area of 

the light beam on the target surface [133, 135]. Correct energy density and multiple 

treatment can increase cellular responses of cells so it can enhance cell migration, 

proliferation, viability [136]. Triplet treatment is especially more effective than single 

treatment due to stimulation capability [136, 137]. When cells are exposed lights 

during the triple treatment, the effectiveness of light on cells may increase step by step 

[136]. According to these parameters, cells create their own microenvironments, 

leading to either biomodulation or bioinhibition [138]. Thus, the identification of 

effective parameters is critically important for bone regeneration [117, 123, 139]. 

600-1000 nm ranges of wavelength are particularly more effective in BTE due 

to the their high penetration capacity [123, 140]. Around 600 nm of wavelength may 

promote ATP synthesis, osteogenic matrix protein expressions and even 

differentiation from stem cells to osteoblasts [133, 141]. Moreover, LLLT can increase 

proliferation of hBMSC [35] and endothelial cells [142] in bone structure. On the other 

hand, around 800 nm of wavelength also contributes to proliferation and differentiation 
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of BMSC [135, 143]. Moreover, 808 nm of wavelength increased expressions of 

osteogenic genes [144], ECM mineralization and remodelling [135, 145]. LLLT 

supports calcium deposition and mineralization in bone [31, 144, 146]. 808 nm and 

606 nm of wavelength promotes bone regeneration [147]. 
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Chapter 2 

2. Aim of The Study 

BTE aims to increase the regeneration capacity of damaged and broken bones, 

which are enhancing day by day. However, due to the limited cellular responses and 

regeneration capacities of traditional in vitro models, the degree of effectiveness of 

many BTE applications is not fully understood and fails in clinical trials. The problems 

can be solved by development of 3D scaffold free microtissues (3D SFMs). 3D SFMs 

imitate natural bone tissue, aim to better connect among the cells of the bone tissue 

and behave like the natural in vivo environment. Stem cells are in close relationship 

with endothelial cells in natural bone tissue. The close relationship also triggers 

vascularization and osteogenesis process. Therefore, the study utilized 

hBMSC:HUVEC coculture on SFMs to take more natural cell responses. The study 

aimed examination of vasculogenic potential of hBMSC:HUVEC coculture on SFMs, 

the investigation of optimum concentration of integrin binding peptides on 3D SFMs, 

identification of the most effective energy densities of LLLT (at 655 nm and 808 nm 

of wavelength) both monolayer and 3D SFMs and examination of the combination of 

the most effective peptide concentration and LLLT groups. 

Integrin binding peptides which are RGD, IKVAV and YIGSR are natural 

ECM protein fragments which may support stem cell proliferation, attachments, and 

differentiation. Although integrin dependent the most effective fragment and 

concentration in osteogenic differentiation have not been identified yet, it’s known that 

there is critical important relationship between integrin binding and osteogenic 

differentiation. Taking into account all of these, integrin binding peptides may increase 

or decrease stem cell differentiation. Moreover, differentiation capacity of stem cell 

may depend on concentration of these peptide. While cells may be exposed to 

apoptosis in case of over dosage of needed concentration for differentiation, stem cells 

may not be differentiated because of inadequate concentration. The main goals of the 

study are (i) to define the most useful peptide among integrin binding peptides (RGD, 
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IKVAV and YIGSR) in terms of viability and osteogenic differentiation capacity of 

SFMs, (ii) to find the most effective concentrations of them and (iii) compare ideal 

concentrations of these peptides in terms of osteogenic differentiation capacity. 

LLLT or PBM support stem cell proliferation and differentiation. The ranges 

from 600 nm to 1200 nm of wavelength induce bone regeneration and healing by 

affecting CCO in mitochondria. The stimulation of CCO promotes ATP synthesis, 

ROS and NO releasing so bone healing is accelerated. The recovery capacity of bone 

depends on laser light parameters such as wavelength, single or multiple treatments of 

light, application time, energy density etc. Hence, identification of optimum energy 

densities at 655 nm and 808 nm of wavelength is desperately important for bone 

regeneration. The study targeted to (i) find optimum energy density at 655 nm of 

wavelength for stem cell differentiation both monolayer and SFMs, (ii) find optimum 

energy density at 808 nm of wavelength for stem cell differentiation both monolayer 

and SFMs, (iii) compare differentiation capacity of the most effective energy densities 

of both of them in both platforms, (iv) to light up underlying molecular mechanism of 

LLLT initiated with 655 nm and 808 nm of wavelength during osteogenesis both 

platforms. 

BTE benefits from multiple combination of different strategies to improve 

quality of therapy. Both peptide and photobiomodulation therapies can be applied as 

multiple treatments. The combination may increase or decrease efficacy of therapeutic 

approach. Therefore, the study was designed by choosing the most effective energy 

densities at 655 nm and 808 nm of wavelength and the most successful concentration 

of integrin binding peptide which the best differentiation of stem cells was achieved 

The study aimed to examine the effects of the combination of both therapies in terms 

of stem cell differentiation on 3D SFMs. 

The overall hypothesis is to mimic bone structure by combining hBMSC and 

HUVEC on 3D SFMs. The created the natural niches give in vivo mimicking results 

and support to find biological cues about peptide and LLLT for further therapy 

strategies in BTE. It is believed that these results will help researchers to take better 

results to be applied into the clinic to enhance bone regeneration. 



29 

 

Chapter 3 

3. Examination of Vascular Capacity 

of Scaffold Free Human Microtissue 

During Osteogenesis 

3.1 Introduction 

Bone tissue engineering (BTE) aims to develop bone regeneration strategies 

for crucial level of bone fracture or damage [148, 149]. Recovery of bone damage 

depends on bone cell activity containing attachment, proliferation, migration and stem 

cell differentiation. Their environments conduct the activation of bone cells because 

the niche of bone cells regulates especially stem cell differentiation [148, 150]. Stem 

cells and endothelial cells contact each other in natural tissue. The relation supports 

vascularization of bone [151]. The vascularization phenomena is necessary to continue 

viability of stem cells [152]. Vascularization supports vitality of cells by supplying 

oxygen and nutrients into tissue. Additionally, vascular structure removes wastes of 

cell metabolism. 

Vascularization is regulated by endothelial cells [152-154]. One of the most 

common used endothelial cell type is Human Umbilical Vein Endothelial Cells 

(HUVEC) because it is easy to obtain. HUVECs are located in inner layer of vein and 

closely contact with stem cells for initiation of vascularization. As HUVECs promote 

vascularization, they express some critical important markers such as Platelet 

Endothelial Cell Adhesion Molecule (PECAM), Ve-cadherin (Ve-cad), and Vascular 

Endothelial Growth Factor (VEGF). The molecular cues maintain viability and 

differentiation of stem cells. PECAM is an early vascular molecule that adhesion of 

endothelial cells. The adhesion of endothelial cells affects stem cells. PECAM may 
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also trigger vascularization of HUVEC and Bone Mesenchymal Stem Cells (BMSCs) 

coculture during osteogenesis. Ve-cadherin is another vascular marker which plays 

fundamental role adhesions of endothelial junctions [155, 156]. The molecule 

regulates endothelial contacts for proliferation, apoptosis and growth [155, 157]. 

Signaling through VE-cadherin impacts endothelial cell by balancing action of growth 

factor receptors, intracellular messengers, and proteins [157]. VEGF, is also another 

vasculogenic marker, is synthesized by endothelial cells and needed for growth and 

viability of HUVECs during vasculogenesis [47, 158]. In addition, VEGF also 

supports stem cell viability in natural bone ECM. Furthermore, VEGF is an initiator 

for vascular growth during bone healing [158, 159]. In natural tissue, the relationship 

between osteoblasts and endothelial cells is controlled by VEGF releasing of 

osteoblasts, which forms vascular structure [153, 158]. Actually, the combination 

improved osteogenic markers such as alkaline phosphatase [158]. VEGF gets in 

closely contact not only PECAM [160, 161] but also Ve-cadherin [157, 161] for 

vasculogenesis. 

The investigation of VEGF molecule is critically important for vasculogenesis 

of bone. There are many literature reports related with VEGF molecule expression fate 

of HUVECs in 2 dimensional (2D) monolayer culture system [152, 153, 158, 162, 

163]. However, 2D system is limited in terms of transmission of signal molecules. 2D 

system is restricted gene and protein expression rate. The reason of limitations may 

depend on devoid of ECM. ECM is the primary network for cell behaviors. ECM is 

more presentable by 3D scaffold free microtissues (SFMs) rather than 2D system. This 

is because 3D SFMs are able to produce self ECM just as in vivo. The natural ECM 

production in in vitro mimics natural tissue from the point of high cellular connection. 

Gene and protein expression profile in 3D SFMs shows similarity to in vivo system. 

Moreover, 3D SFMs support coculture to mimic natural tissue structure (Figure 3.1).  
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Figure 3.1: The fabrication of SFMs (only HUVEC, only hBMSC and coculture of 

hBMSC and HUVEC). (Created with BioRender.com). 

In light of these information, the study aimed to investigate vasculogenic 

potential of hBMSC:HUVEC co-culture and examine interactions of vascular markers 

such as PECAM, Ve-cadherin and VEGF in 3D SFMs. 

3.2 Materials and Methods 

3.2.1 Materials 

All materials were purchased from Sigma-Aldrich, St. Louis, Missouri, ABD 

such as DMEM:F12, L-Glutamine, Penicillin Streptomycin, Triton X-100, 

Paraformaldehyde, DAPI (D9542),  Fetal Bovine Serum (FBS), Phosphate Buffer 

Saline (PBS), Bovine Serum Albumin (BSA). Endothelial Cell Growth Medium 

SingleQuots (EGM) media was purchased from Lonza, Basel, Switzerland. Live and 

Dead Kit (Cellstain) was taken by Dojindo, Munich, Germany. For qPCR, all materials 

were taken from invitrogen, Thermo, Waltham, Massachusetts, ABD. VEGF antibody 

was purchased by Santa Cruz Biotechnology Inc., Santa Cruz, California, USA. 

HUVECs were taken from Animal Cell Culture Laboratory of Bioengineering 

Department of Ege University. hBMSCs (300665-102) were taken from CLS 

Company, Eppelheim, Germany. 
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3.2.2 Cultivation of hBMSC and HUVEC 

HUVEC and hBMSC were cultured with DMEM:F12 containing 10% FBS, 10 

mM L-Glutamine, 1% penicillin/streptomycin [164]. For both cells, culture was 

humidified in incubator at 37 °C and 5% CO2. The medias of cell were refreshed every 

2 days. After cells reached nearly 90 % confluency, they prepared to construct SFMs. 

3.2.3 Fabrication of SFMs with only hBMSC, only HUVEC and hBMSC:HUVEC 

coculture 

To form SFMs, agarose molds were prepared by 3D petri dish. Then, agarose 

was incubated with media to ready for cell seeding [165]. SFMs of only hBMSC or 

only HUVEC were created with 100.000 cells. Co-cultured SFMs were also created 

totally 100.000 cells (1:1 ratio hBMSC:HUVEC). The SFMs were incubated with 

vascular EGM media (containing hydrocortisone, fibroblast growth factor (hFGF-B), 

insulin-like growth factor (R3-IGF-1), ascorbic acid, epidermal growth factor (hEGF), 

GA-1000 (gentamicin, amphotericin-B), heparin) supplemented with osteogenic 

compounds (100 nM dexamethasone, 50 µg/mL ascorbic acid, 10 mM ß-

glycerophosphate). 

3.2.4 Micrographs and Diameter Measurement of SFMs 

Images of SFMs were taken to control under light microscope (Olympus, 

CKX41, Waltham, MA, USA) on days 1, 4 and 7. The diameter measurements of 

SFMs were analyzed on days 1, 4 and 7 by Image J (NIH, USA). Average diameters 

were calculated from triple repeated SFMs. 

3.2.5 Viability of SFMs 

To understand viability of SFMs of hBMSC, HUVEC, and coculture of them, 

live and dead assay was performed by Double Staining Kit (Dojindo Molecular 

Technologies, Inc., Kumamoto, Japan) [64]. While the vital cells were stained bv 

Calcein-AM/DMSO (green), dead cells were stained by propidium iodide/purified 

water (red). After 15 min incubation time, cells were observed under fluorescence 

microscope. Micrographs of live and dead cells of SFMs were separately captured and 
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merged by using microscope software. Then, average color intensity was calculated 

for each experimental group. Green color intensity of HUVEC was measured and 

estimated as 100 % on day 1. The green intensities of only hBMSC and coculture were 

evaluated by comparing the HUVEC green intensity.  

3.2.6 Relative mRNA expressions of Ve-cadherin, PECAM and VEGF on SFMs 

The fold differences of Ve-cadherin, PECAM and VEGF were determined at 

the each time point descripted in previous studies [64, 166]. The sequences of the genes 

were given in Table 3.1 [64]. Firstly, total RNA was obtained from SFMs [64]. Then, 

extracted RNA was turned double stranded cDNA. 1 µg of cDNA was used to analyze 

fluorescence dye which is SYBR Green for qPCR (Step One Plus, Applied 

Biosystems, CA, USA). The fold differences of PECAM, Ve-cadherin and VEGF were 

calculated as 2(-ΔΔCT) formula.  

Table 3.1: The forward and reverse primer sequences of vasculogenic markers [64]. 

GAPDH F: GAAATCCCATCACCATCTTCC 

R: CCAGCATCGCCCCACTT 

Ve-cadherin F: TCACCTGGTCGCCAATCC 

R: AGGCCACATCTTGGGTTCCT 

PECAM F: GCTGACCCTTCTGCTCTGTT 

R: TGAGAGGTGGTGCTGACATC 

VEGF F: ATCTTCAAGCCATCCTGTGTGC 

R: GCTCACCGCCTCGGCTTGT 

3.2.7 Immunofluorescence Staining of VEGF 

To identify VEGF protein expression on SFMs, immunofluorescence staining 

was examined on day 7. All SFMs were washed two times with PBS and fixed with 

4% paraformaldehyde [167-169]. After 30 min. incubation in room temperature, SFMs 

were lysed by 1% Triton X-100 in PBS for an hour. Then, they were blocked by 1.5% 

BSA for 2 hours. Primary mouse monoclonal anti-VEGF antibody (red) added into 
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SFMs. Then, DAPI (blue) was added into SFMs solution. After 20 min incubation time 

in room temperature, all SFMs were washed two-three times with PBS. Fluorescence 

dye was observed under the microscopy. All images were taken and merged by 

CellSense Entry software. 

3.3 Results 

3.3.1 Formation and viability of SFMs 

To analyze formation and enlargements of the SFMs, SFMs images were taken 

on days 1, 4 and 7 as shown in Figure 3.2 during vasculogenesis. Changes in 

morphology of SFMs were well observed. All SFMs were greatly constructed after 

day 1. Additionally, the forms of all SFMs remained intact until the 7th day.  

 

Figure 3.2: Images of HUVEC, hBMSC and coculture SFMs on days 1, 4 and 7 

(Scale:100 µm) 

The averages of SFMs were calculated from taken micrographs and given in 

Figure 3.3. Diameters of SFMs of only hBMSC, only HUVEC and coculture were 

measured as 310±17, 359±8, 444±17 µm, respectively on day 1. For day 4, diameters 

were calculated as 342±20, 435±14, 486±20 µm, respectively. In the end of the 7th day, 

diameters were 361±9, 469±11, 528±6 µm, respectively. The coculture SFMs showed 
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statistically significant enlargement in each time point compared with only hBMSC 

and only HUVEC groups. 

 

Figure 3.3: Diameter measurements of SFMs on days 1, 4 and 7. Results were 

analyzed by two way ANOVA and followed Tukey posthoc test (p*<0,05, p**<0,01 

and p***<0,001). 

Viability assay was also performed on days 1, 4, and 7 to compare experimental 

groups as shown in Figure 3.4. The viabilities of all SFMs were increased day by day. 

In the end of the 7th day, the highest viable cell was observed in coculture.  
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Figure 3.4: Viability analysis of SFMs on days 1, 4 and 7 (Scale:100 µm). While 

green colour represents live cells, red colour represents live cells. 

Green color intensities of SFMs were measured and given in Figure 3.5. The 

green intensity of only HUVEC was estimated as 100%. Only hBMSC and coculture 

groups were compare with HUVEC intensity. The viable cell intensities of only 

hBMSC and co-culture were calculated as 89±6 and 124±2 %, respectively on day 1. 

For day 4, intensities of only HUVEC, only hBMSC and co-culture were 116±2, 104±7 

and 139±2 %, respectively. Finally, viability ratios were 141±4, 128±14 and 169±0,4 

%, respectively on day 7. 
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Figure 3.5: Green intensity measurement of SFMs. Results were analyzed by two 

way ANOVA and followed Tukey posthoc test (p*<0,05, p**<0,01 and 

p***<0,001). 

3.3.2 Vascular marker expressions on SFMs 

Fold differences of vascular genes such as Ve-cadherin, PECAM and VEGF 

were analyzed as shown in Figure 3.6. Fold differences of them were calculated 

according to expression profile of vascular markers of only HUVEC SFMs which was 

estimated as 1. Expression rate of SFMs of coculture significantly increased. In the 

first day, the Ve-cadherin relative mRNA fold differences of SFMs of only hBMSC 

and coculture were measured as 0,10±0,15 and 6,76±0,93, respectively. On day 4, Ve-

cadherin gene expression rates were tested as 1,83±0,84 and 2,48±0,24, respectively. 

For day 7, the rates were 0,88±0,15 and 1,39±0,24, respectively. PECAM mRNA fold 

changes of only hBMSC and coculture were 0,44±0,04 and 9,91±0,68, respectively on 

day 1. Then, expression rates were 1,22±0,24 and 1,87±0,25, respectively on day 4. 

Finally, PECAM fold differences were calculated as 0,92±0,20 and 0,98±0,07, 

respectively. The expression rates of VEGF of only hBMSC and coculture groups were 

0,32±0,03 and 3,10±0,32, respectively on day 1. Additionally, the VEGF changes were 

measured as 0,81±0,23 and 3,28±0,46, respectively on day 4. In the last day of 
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vasculogenesis, VEGF fold differences were calculated as 0,40±0,06 and 1,82±0,33, 

respectively. 

 

Figure 3.6: Vascular mRNA expression of SFMs on days 1, 4 and 7. A) Ve-cadherin 

B) PECAM C) VEGF. Only HUVEC gene expression was estimated as 1. Relative 

gene expressions of only hBMSC and coculture were calculated by 2-(ΔΔCT) 

method and compared with only HUVEC. Results were analyzed by two way 

ANOVA and followed Tukey postdoc test (p*<0,05, p**<0,01 and p***<0,001). 

The confirmation of VEGF mRNA expression of coculture SFMs was 

performed by immunofluorescence staining on day 7 as given in Figure 3.7 (A-C). 

According to DAPI staining, all SFMs showed nucleus forms but SFMs of coculture 

had more cell nucleus. VEGF the expression of vasculogenic maturation related 

proteins was dramatically higher than only HUVEC and only hBMSC groups. Only 

HUVEC group showed much more VEGF expression than only hBMSC SFMs.  
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Figure 3.7: Images of VEGF immunofluorescence of (A) HUVEC, (B) hBMSC and 

(C) coculture SFMs on day 7 (Scale:100 µm). Nucleus on SFMs were dyed by DAPI 

(blue), VEGF protein was dyed antibody (red). 

3.4 Discussions 

In the study, cell proliferation, viability and vascular potential of 

hBMSC:HUVEC cocultivation were analyzed compared with only HUVEC and only 

hBMSC during osteogenesis. To take more natural cellular responses, SFMs were 

fabricated and evaluated by diameter measurement, viability assay, qPCR with Ve-

cadherin, PECAM and VEGF vascular genes and VEGF immunostaining. 

All SFMs were greatly constructed in each groups. Micrographs were followed 

day by day. Diameters of SFMs were measured on days 1, 4 and 7. Diameters of 

hBMSC:HUVEC SFMs were larger than only HUVEC and only hBMSC groups. The 

diameter enlargements of SFMs linked with proliferation rate of cell on SFMs [63, 

64]. Thus, co-culture tends to enhance proliferation of cells on SFMs. On the other 

hand, a previous study showed that the combination of Adipose Derived MSC and 

endothelial cells promoted proliferation of endothelial cells [149]. Parallel to diameter 

results, the viability of co-culture was higher than only HUVEC and only hBMSC 

groups. The association of both cell line mutually increased viability. Endothelial cells 
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are directly relevant in signal transduction with osteoprogenitor cells [170]. Previous 

studies also demonstrated that cells in coculture may enhance cell viability [149, 171].  

Co-culture promotes not only endothelial cell proliferation both also 

vascularization. The highest Ve-cadherin expression was shown in the coculture 

group. In addition, bone like coculture may express osteogenic marker rather than only 

stem cell [170]. Ve-cadherin is a molecule which is found in endothelial junction point 

[157] and expressed in vascularization [155, 156]. The highest endothelial connection 

was observed in SFMs of coculture compared with only HUVEC. Previous study 

clarified that following interaction with endothelial cells, MSCs can restore 

endothelium balance, perhaps via aiding association of endothelial cell and VE-

Cadherin [172]. Coculture, but not only endothelial or stem cells, increased Ve-

cadherin expression [173]. Similar to VE-cadherin, PECAM is another fundamental 

vascular probe which is adhesion marker. PECAM may direct vascular fate of cells 

[174]. Thus, PECAM is closely related to VEGF in vascularization. In the study, 

coculture more expressed PECAM vascular marker than only HUVEC group. 

Actually, only HUVEC showed less vascular marker expression rate than control 

group. As it was expected, only hBMSC group didn’t show Ve-cadherin or PECAM 

expression as much as only HUVEC. The connection of endothelial cells based on Ve-

cadherin supports VEGF expression which is critically important factor for 

vasculogenesis [175]. VEGF is one of the major vascular marker which is regularly 

expressed during vascularization [168]. VEGF expression contributes to endothelial 

proliferation and maturation [47, 158]. Yu, J. et al. also showed that only Adipose 

Derived MSC (ADMSC) can even enhanced VEGF expression [176].  A study which 

conducted by Nguyen et al. concluded that mRNA expressions of PECAM and VEGF 

in coculture were higher compared to the only HUVEC expression in collagen 

hydrogel based scaffolds [177]. Moreover, VEGF mRNA fold expression of ADMSC 

spheroids was much more than monolayer ADMSC and ADMSC sheets [176] because 

spheroids support higher cell to cell interaction [61]. Additionally, ADMSC may 

trigger angiogenic potential of endothelial cells [168, 178]. Heidari-Moghadam A. et 

al. showed that coculture was better mimicking platform than single cell type [168]. In 

this study, it was observed that the highest VEGF fold change was shown in 

hBMSC:HUVEC coculture compared with only hBMSC and only HUVEC groups. 
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Parallel to relative mRNA fold change, immunofluorescence results of coculture also 

showed the highest VEGF protein expression compared with only HUVEC group. A 

previous study concluded that VEGF promotes endothelial cell proliferation and 

viability [168]. Additionally, Pons J. et al. showed that producing VEGF from 

endothelial cells enhances mesenchymal stem cell proliferation and viability [179]. 

Moreover, low VEGF expression rate limited regeneration capacity [154, 176]. Thus, 

the VEGF expression may induce both cell viabilities of stem cell and endothelial cells 

and also vascularization of bone like coculture in the study.  

Consequently, results of the study were consistent with literature research 

concluded that co-culture of hBMSC:HUVEC could improve proliferation and 

viability both only stem cell and endothelial cells. It was clearly indicated that bone 

like coculture with hBMSC:HUVEC expressed highly vascular markers rather than 

only HUVEC. Moreover, VEGF is a key molecule not only endothelial cells but also 

stem cells. Thus, the expression of VEGF is critically important point to form vascular 

networks. VEGF can contribute to vascularization of bone like forms. 

3.5 Conclusions 

The study fabricated SFMs to compare proliferation, viability and vascular 

capacities of SFMs of only HUVEC, only hBMSC and bone like co-culture. It was 

concluded that coculture exhibited higher cell proliferation, viability and 

vascularization strategy than only HUVEC. To understand bone regeneration capacity 

in vitro SFMs, using coculture for further study may provide better vascular responses 

than only endothelial cell responses. The coculture of endothelial and stem cells may 

provide to take more natural responses for vascularized bone in BTE applications. 
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Chapter 4 

4. Determination of Optimum 

Concentration of Integrin Binding 

Peptides on Scaffold Free Microtissues 

(SFMs) for Bone Regeneration  

4.1 Introduction 

 Stem cell based therapy in bone tissue engineering aims to repair bone defects 

for bone regeneration [180, 181]. To mimic natural bone structure, stem cell based 

therapy can benefit from coculture strategy using together stem cell and endothelial 

cell [182]. The combination triggers osteogenic differentiation by affecting cell 

behaviours and responses [151]. The cellular responses and behaviours mostly depend 

on extracellular matrix (ECM) [182, 183]. ECM in bone regulates bone cells by 

facilitating the creation of sticky structures and activating signal pathways that control 

cell spreading, survival, and differentiation [184]. Thus, ECM is critically important 

platform for creation of microenvironment of cells [84, 87] which includes many 

different proteins such as fibronectin, collagen, and laminin. Integrins are the 

fundamental adhesion molecules that attach cells into the basal matrix [185]. Since 

natural ligands of integrin are located in cell membranes and ECM proteins [186], 

short integrin binding peptides are remarked their therapeutic potentials. As integrin 

binding peptides in ECM have osteogenic differentiation potential, determining certain 

sequences are also crucial for bone regeneration (Figure 4.1). 
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Figure 4.1: Interactions of integrin and ECM (Created with BioRender.com). 

Integrin binding peptides, which are Ile-Lys-Val-Ala-Val (IKVAV), Arg-Gly-

Asp (RGD), and Tyr-Ile-Gly-Ser-Asp (YIGSR), have a potential to induce osteogenic 

differentiation [102, 183, 184, 186]. Identifying optimum concentration of integrin 

binding peptides is another critical important point of osteogenic differentiation [186] 

because defined optimum concentration in monolayer may fail for further studies [64, 

187, 188]. Limited ECM production of traditional monolayer culture may be 

inadequate for differentiation of stem cell [188-192]. Since the traditional methods 

have lack of intercellular connections, they may be failed in bone remodelling [193]. 

The challenge is needed natural and self ECM production for natural stem cell 

responses. Thus, new platforms which can mimic natural structure and niches of bone 

microenvironments are required. Therefore, 3 Dimensional scaffold free systems (3D 

SFMs) have been developed to overcome these in vitro challenges. Since SFMs have 

larger surface area and the higher cellular communication than traditional cell culture 

techniques [165, 181, 193, 194], they have greater potential in identification of the 

optimum concentration of peptide researches for bone tissue engineering. Moreover, 

3D SFMs can mimic natural cell matrix and closely contact cell to cell interactions 

[64]. SFMs, which don’t benefit from supporting material for cell growth in 3D, 

closely link between cell to cell or cell to matrix interaction [193, 194]. They support 

similar microenvironment conditions from the point of phenotypic properties, ECM 

production and tissue functions like in vivo. 3D SFMs allow similar expression profile 

of osteogenic genes and proteins and also differentiation capacity of stem cell with in 
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vivo. In addition, cells in 3D SFMs synthesize self ECM matrix proteins. Since 

integrins directly bind ECM matrix proteins for stem cell proliferation and 

differentiation [102], the synthesis of self ECM proteins is crucial to control cell 

behaviours. Therefore, 3D SFMs also create a platform to determine the optimum 

concentration of integrins binding peptides for bone regeneration.  

The study aimed to determine the integrin binding peptide sequence (RGD, 

IKVAV and YIGSR) that supports osteogenic differentiation and compare osteogenic 

differentiation capacities of them and to find the optimum concentrations of them in 

SFMs for osteogenic differentiation. 

4.2 Materials and Methods 

4.2.1 Materials 

All cell culture materials were purchased from Sigma (MA, USA) except for 

special descripted kit and assays. All aminoacids, resin and reagent were taken from 

Aapptec (Louisville, KY). Cellstain double staining kit was taken from Dojindo 

(CS01-10, Japan). ALPase activity (ab83369) was conducted by Abcam (USA). 

Calcium mineralization was tested by (DICA 500, Quanthichrom, Wilhelm-Mauser, 

Germany). Total RNA Isolation Kit was performed by Thermo Scientific, USA. cDNA 

Synthesis was realized by Biomatik (MuLV First Strand, Ontario, Canada). 

4.2.2 Cell Culture and Fabrication of Bone like 3D SFMs 

 HUVECs and hBMSCs were cultured with Dulbecco’s Modified Eagle 

media:F12 (DMEM:F12) which includes 10 % FBS, 10,000 units/mL of penicillin, 

10,000 μg/mL of streptomycin, 50 µg/mL gentamicin, 250 ng/mL fungizone, and 1% 

L-glutamine in % 5 CO2, 95 % humidity, and 37°C. After tyrpsinization, 3D SFMs 

were created in agarose mold which is formed by 3D Petri Dish. Bone like 3D SFMs 

were constructed as coculture (1:1) and cultured with osteogenic media (contains 

100 nM dexamethasone, 50 µg/mL ascorbic acid, and 10 mM ß-glycerophosphate 

[195]. 
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4.2.3 Synthesis of Integrin Binding Peptides 

 Integrin binding peptides which are Ile-Lys-Val-Ala-Val (IKVAV), Gly-Arg-

Gly-Asp-Ser (GRGDS), and Tyr-Ile-Gly-Ser-Asp (YIGSR) were synthesized by 

Focus XC peptide synthesizer [196, 197]. Amimoacids were respectively added into 

rink amide resin with 0.37 mM loading capacity. Then, peptides were lyophilized, after 

each sequence was cleaved from the resin. All peptides were mixed serum free 

osteogenic media in 0,5 mM, 1 mM and 2 mM concentrations. 0,5 mM, 1 mM and 2 

mM concentrations of IKVAV was defined as I0, I1 and I2, respectively. 0,5 mM, 1 

mM and 2 mM concentrations of GRGDS was defined as R0, R1 and R2, respectively. 

0,5 mM, 1 mM and 2 mM concentrations of YIGSR was defined as Y0, Y1 and Y2, 

respectively. The control group (C) was constructed in only serum free osteogenic 

media without any peptide. The positive control group (PC) contained 10% FBS 

osteogenic media without any additional peptide. 3D SFMs were incubated prepared 

media on days 4, 7, 14, and 21. 

4.2.4 Images and Diameters of 3D SFMs  

 Images and diameters of SFMs were followed on days 4, 7, 14, and 21. Images 

of 3D SFMs were taken under microscope (CKX41, Olympus, Japan) in the each time 

points. Diameter analysis was performed on three different SFMs by Image J (NIH,  

USA) (n=3) [165]. Average value of diameter calculations was measured. Statistical 

analysis was performed by Two way ANOVA (GraphPad Prism). 

4.2.5 Viability Quantification of 3D SFMs  

 Viabilities of 3D SFMs were performed Double Staining Kit on days 4, 7, 14, 

and 21 [165]. After 3D SFMs were washed two times by Phosphate Buffer Salin 

(PBS), 11 mmol of L Calcein-AM / DMSO (green) and 1.5 mmol of L Propidium 

Iodide (red) were added. After 15 minutes at 37°C incubation, SFMs were washed 5 

times with PBS again. Images were taken under fluoresence microscope (CKX41, 

Olympus, Japan). The green intensities were calculated quantitatively by Image-J. 

Average green intensity of control group was estimated as 100 %. The averages of the 

other experimental groups were compared with control. 
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4.2.6 Osteogenic Differentiation And Mineralization 

3D SFMs were separately lysed with 10 mM Tris and 0.2% Triton. After the 

lysates were homogenized, 150 µL of kit reagent and 50 µL of samples were mixed 

into 96-well plate [198]. DNA amounts of 3D SFMs were quantified at excitation 

360 nm and the emission 460 nm of wavelength. Then, ALP activity was tested 

according to previous study [199]. 10 µl of ALP enzyme and 50 µl of 5 mM para-

nitrophenyl phosphate were mixed and incubated with sample for 60 min. Then, 20 µl 

of stop solution was added and read at 405 nm of wavelength. Calcium amount was 

measured to examine mineralization of 3D SFMs [200, 201]. Reagent A and B were 

added in equal volume (75 µl) and mixed with 50 µl of sample. After 45 min 

incubation, calcium absorbance was read at 612 nm on multimode spectrometer 

(Synergy™ HTX Multi-Mode Reader, BioTek, VT, USA). ALP and calcium amounts 

of each group were normalized with DNA amount of related experimental group. 

Osteogenic differentiation was evaluated with normalized results. 

4.2.7 Osteogenic Differentiation in mRNA level 

The gene expression of osteogenic bone markers was assessed using 

quantitative real time qPCR [64]. Total RNA of all 3D SFMs was isolated by using 

RNA extraction kit. Then, 1 µg of cDNA was generated by standard PCR. qPCR (Step 

One Plus, Applied Biosystems, Foster City, USA) was used to analyse mRNA profile 

for osteogenic markers. GAPDH was employed as a housekeeping gene. Osteogenic 

markers which are ALP, Collagen, and Osteopontin (OPN), were normalized by 

GAPDH. Relative mRNA fold difference was calculated according to the 2-(ΔΔCt) 

formula. Table 4.1 shows the forward and reverse sequences of osteogenic primers and 

the housekeeping gene. 
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Table 4.1: The primer sequences of the osteogenic markers used in qPCR analysis. 

GENE Sequences 

GAPDH 

R: AACAGCGACACCCACTCCTC 

F: CATACCAGGAAATGAGCTTGACAA 

Alkalin 

Phosphatase 

(ALP) 

R: ACATTCCCACGTCTTCACATTT 

F: AGACATTCTCTCGTTCACCGCC 

Collagen 

Type I 

R: TGACGAGACCAAGAACTG 

F: TCAGCCTTAGACGCCTCAAT 

Osteopontin 

(OPN) 

R: ATGAGATTGGCAGTGATT 

F: TTCAATCAGAAACTGGAA 

4.2.8 Statistical Analysis 

All experiments were performed triple repeated (n=3). Averages were taken 

and graphically presented. Statistical analysis of assays was performed by Two way 

ANOVA (GraphPad Prism, CA, USA). The results were considered significant p*< 

0.05, p**< 0.01 and p***< 0.001. 

4.3 Results 

4.3.1 Image and Diameter of 3D SFMs 

Images of 3D SFMs were taken every time points as presented in Figure 4.2 

for IKVAVs, Figure 4.3 for RGDs, and Figure 4.4 for YIGSRs. 
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Figure 4.2: Images of bone like SFMs of control, PC, IKVAVs (I0, I1 and I2) on 

days 4, 7, 14, and 21. Scale bar 100 µm. 

 

Figure 4.3: Images of bone like SFMs of control, PC, RGDs (R0, R1 and R2) on 

days 4, 7, 14, and 21. Scale bar 100 µm. 
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Figure 4.4: Images of bone like SFMs of control, PC, YIGSRs (Y0, Y1 and Y2) on 

days 4, 7, 14, and 21. Scale bar 100 µm. 

All SFMs were greatly constructed on day 4. After 7th day, the diameters of 

control and the other experimental groups started shrinkage except for PC. However, 

the diameter of R1 group gradually diminished, not as sharply as the other 

experimental groups. The diameter of PC increased day by day. After 14th day, control 

and R2 groups especially showed diameter shrinkage. Diameter of control and R2 

observed lower form than the other experimental groups in the end of the 21st day. The 

results of average diameter measurement promoted images of 3D SFMs. The diameters 

of SFMs of C, PC, IKVAVs (I0, I1 and I2), RGDs (R0, R1 and R2) and YIGSRs (Y0, 

Y1 and Y2) were measured on days 4, 7, 14 and 21 as shown in Figure 4.5. For 4th 

day, the measurements of C and PC groups were 198±18 and 328±20 µm. The I0, I1 

and I2 groups were measured as 262±5, 222±2, 247±3 µm. The R0, R1 and R2 groups 

were 281±28, 366±1, 244±9 µm. The Y0, Y1 and Y2 groups were analysed as 297±8, 

363±9, and 335±6 µm, respectively. While diameter of PC increased from 4th to 14th, 

the diameters of all SFMs decreased. On day 7, the highest diameter of all groups was 

R1 group which was measured as 406±19 µm. C and PC diameters were 251±18 and 

400±14 µm, respectively. While the highest diameter increasing was shown in I2 

group among IKVAV groups, Y2 was the highest enlargement group among YIGSR 

on day 7. In the 14th and 21st days, the diameter of R1 was higher than the other 
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experimental groups but not PC. On day 21st, the diameter of PC was calculated as 

474±44 µm. 

 

Figure 4.5: Diameter measurements of bone like SFMs (A) control, PC, IKVAVs (I0, 

I1 and I2) (B) control, PC, RGDs (R0, R1 and R2) (C) control, PC,  YIGSRs (Y0, Y1 

and Y2) on days 4, 7, 14, and 21. 

4.3.2 Viabilities of 3D SFMs 

 Viabilities of SFMs were analysed to find efficacy of peptides and their 

concentrations on days 4, 7, 14, and 21 presented in Figure 4.6 for IKVAVs,  

Figure 4.7 for RGDs, and Figure 4.8 for YIGSRs. All SFMs were greatly dyed by 

green and red. Until 4th day, all SFMs showed viable cells. However, nearly all groups 

started to show red color after 7th day. From 7th day to 21st day, dead cells increased in 

nearly all SFMs.  
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Figure 4.6: Viability images of control, PC, IKVAVs (I0, I1 and I2)  on days 4, 7, 14, 

and 21. Scale bar 100 µm. 

 

Figure 4.7: Viability images of control, PC, RGDs (R0, R1 and R2) on days 4, 7, 14, 

and 21. Scale bar 100 µm. 
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Figure 4.8: Viability images of control, PC, YIGSRs (Y0, Y1 and Y2) on days 4, 7, 

14, and 21. Scale bar 100 µm. 

To get quantitative information, the green colour intensities of SFMs were 

calculated. The green colour intensity of control group was measured and estimated as 

100 % on day 4. Then, the green intensities of the other experimental groups were 

compared with control group and presented in Figure 4.9. The green intensities of C, 

PC, IKVAVs, RGDs and YIGSRs were measured 100±0, 111±3, 109±5, 109±6, 

110±6, 110±3, 112±5, 92±5, 100±8, 109±4, and 100±8 % in the 4th day, respectively. 

Even in the 4th day, the highest green intensity was in R1 group compared with other 

experimental and PC group. Green intensities of all groups decreased from 4th to 21st 

day. However, the highest green intensity was observed in R1 group after PC. The 

ratio was measured as 115±15 %. 
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Figure 4.9: Green intensity measurements of bone like SFMs (A) control, PC, 

IKVAVs (I0, I1 and I2) (B) control, PC,  RGDs (R0, R1 and R2) (C) control, PC,  

YIGSRs (Y0, Y1 and Y2) on days 4, 7, 14, and 21. 

4.3.3 Osteogenic Differentiation of 3D SFMs 

DNA quantification, ALPase activity and mineralization measurements were 

performed to compare osteogenic differentiation potential of integrin binding peptides. 

DNA amounts of all groups were measured as presented in Figure 4.10. ALP activity 

and mineralization results were normalized by DNA. Results of DNA amount of 3D 

SFMs were parallel to diameter and viability results. While the lowest DNA amount 

belonged to control group, the highest value was observed in positive control in all 

time points. R1 showed more proliferative effect than the other experimental groups.  

 

Figure 4.10: DNA Content Analysis of (A) control, PC, IKVAVs (I0, I1 and I2) (B) 

control, PC, RGDs (R0, R1 and R2) (C) control, PC,  YIGSRs (Y0, Y1 and Y2) on 

days 4, 7, 14, and 21. 
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ALP activities of SFMs were calculated and presented in Figure 4.11. Nearly 

all groups showed ALP activity on day 14. ALP activities of all groups were found as 

2081±99, 2237±89, 2436±24, 2280±23, 2226±34, 2621±26, 3094±40, 2158±37, 

2147±140, 2208±51, and 2385±121 nmol/ng DNA on day 14, respectively. However, 

R1 exhibited the highest ALP activity. Moreover, R0 had also higher ALP activity 

than the all experimental groups. While I0 had the highest ALP among IKVAV groups, 

Y2 was higher than the other YIGSR groups. However, both of them were not 

statistically significant.  

 

Figure 4.11: ALP activity measurements of (A) control, PC, IKVAVs (I0, I1 and I2) 

(B) control, PC, RGDs (R0, R1 and R2) (C) control, PC,  YIGSRs (Y0, Y1 and Y2) 

on days 4, 7, 14, and 21. 

Mineralization was also observed in all groups as shown in Figure 4.12. 

Calcium amounts of C, PC, IKVAVs, RGDs and YIGSRs were respectively found 

3448±253, 4088±24, 5025±84, 4899±154, 3727±134, 5181±165, 5471±90, 3673±204, 

3303±236, 3402±211, and 5000±178 IU/ng DNA on day 21. R1 group showed again 

the highest calcium mineralization compared with the other experimental groups. 

Calcium amounts of R0, I0 and Y2 followed calcium amount of R1 group. 
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Figure 4.12: Mineralization of (A) control, PC, IKVAVs (I0, I1 and I2) (B) control, 

PC, RGDs (R0, R1 and R2) (C) control, PC,  YIGSRs (Y0, Y1 and Y2) on days 4, 7, 

14, and 21. 

4.3.4 Relative Osteogenic Gene Expressions of SFMs 

 ALP, collagen and osteopontin osteogenic markers were analysed on days 4, 7, 

14, and 21. The average expression of osteogenic markers in control group was 

estimated as 1 in each day. The fold differences of the other experimental groups were 

calculated as relative to control and served in Figure 4.13. Relative ALP expressions 

of Y1 and Y2 were 82±12 and 122±12 on day 4. On day 14, relative ALP fold 

differences of C, PC, IKVAVs, RGDs and YIGSRs were measured as 1±0, 14±3, 

59±5, 13±4, 14±7, 73±21, 200±127, 3±1, 6±3, 2±1, and 58±9, respectively. ALP 

mRNA of R1 was expressed 200 times higher than control at 14th day. Whereas I0 

expressed higher ALP than the other IKVAV groups, Y2 showed higher ALP 

expression than the other YIGSR groups.  
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Figure 4.13: Relative ALP gene expression analysis (A) control, PC, IKVAVs (I0, I1 

and I2) (B) control, PC, RGDs (R0, R1 and R2) (C) control, PC, YIGSRs (Y0, Y1 

and Y2) on days 4, 7, 14, and 21. 

Relative collagen mRNA expressions were given in Figure 4.14. Collagen was 

also expressed by nearly C, PC and peptide groups. The highest collagen expression 

was observed in R1 for all time points. Moreover, collagen fold difference of only R1 

increased, the values were measured as 7±3, 14±1, 23±6, and 36±1 on days 4, 7, 14, 

and 21. While I0 was typically higher expressed collagen than the other IKVAV 

groups, Y2 group generally showed more collagen expression than the other YIGSR 

groups in all time points. However, they were not statistically significant.  

 

Figure 4.14: Relative collagen gene expression analysis (A) control, PC, IKVAVs 

(I0, I1 and I2) (B) control, PC, RGDs (R0, R1 and R2) (C) control, PC, YIGSRs (Y0, 

Y1 and Y2) on days 4, 7, 14, and 21. 

Relative mRNA expressions of osteopontin were presented in Figure 4.15. 

Osteopontin expression rates of all groups were evaluated. In all time points, R1 and 
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R0 expressed osteopontin gene compared with the others. R1 group significantly 

expressed osteopontin on day 21. On day 21, osteopontin fold differences of C, PC, 

IKVAVs, RGDs and YIGSRs were measured as 1±0, 3±2, 8±1, 1±1, 2±0,4, 15±5, 

390±29, 1±0,2, 1±1, 0,4±0,1, and 7±1, respectively. Similar to the other osteogenic 

marker expression rates, R1 was the highest osteopontin expressed group among all 

experimental groups. I0 was superior osteopontin expression than the other IKVAV. 

In addition, Y2 typically higher expressed osteopontin than the other YIGSR groups. 

However, I0 and Y2 did not find significant. 

 

Figure 4.15: Relative osteopontin gene expression analysis (A) control, PC, IKVAVs 

(I0, I1 and I2) (B) control, PC, RGDs (R0, R1 and R2) (C) control, PC, YIGSRs (Y0, 

Y1 and Y2) on days 4, 7, 14, and 21. 

4.4 Discussions 

SFMs produced self ECM by allowing coculture just as in vivo [193]. Since 

SFMs coculture can imitate bone tissue, it can exhibit better expression of stemless 

markers during bone regeneration [202]. Microenvironments of bone play crucial role 

for cellular metabolism, repairing mechanism and regeneration [203]. The lack of 

complex microenvironment of traditional monolayer culture unfortunately causes 

limited matrix protein expression and restricted regenerative capacity [193]. 3D SFMs 

are beneficial platforms for evaluation efficacy of biomaterials in terms of production 

of natural ECM and higher cellular interaction than monolayer culture [64, 165, 193, 

194]. Relations of cell to cell or ECM receptors are essential for the organization of 

cells into functional tissue. Thus, integrins as binding units of ECM proteins have 
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essential roles for stem cell differentiation and bone regeneration. In the present study, 

abilities of proliferation, viability and osteogenic differentiation of integrins binding 

peptides were evaluated on 3D SFMs at 4th, 7th, 14th, and 21st days.  

All SFMs were greatly constructed. The average diameter of R1 was larger 

than positive control on days 4 and 7. Diameters of all SFMs decreased after especially 

14th day. The reason of increasing diameter of PC day by day may depend on including 

10% FBS which is effective components for cell viability and proliferation [165, 204]. 

Parallel to PC, R0 and R1 groups critically affected cell proliferation because of 

contribution to enlargement of SFMs. They preserved their diameters. Similar to RGD 

groups, YIGSR groups also increased diameters of SFMs. Viability values of SFMs 

also promoted to diameter results. R0 and R1 groups had the highest viability rates 

than the other integrins binding peptides. Green intensity of R1 group showed higher 

viable cell on day 21 than even 4th day of control. Although categorization of peptides 

and their concentration is so hard, it can be seen that R1 group showed highly great 

proliferation, viability and osteogenic differentiation as well positive control. Kim J. 

et. al. declared that RGD had the highest cell proliferation and viability rate rather than 

IKVAV in chorion derived MSCs [204]. 0.5 mM concentrations of RGD and YIGSR 

showed that they didnt change ligand chemistry but ALP in RGD group was more 

expressed than YIGSR [205]. Frith et. al. predicted that YIGSR may enhance cellular 

interaction but not as much as RGD [102, 205]. A study declared that RGD decorated 

hyaluronate hydrogels remarkably contributed to fabrication of microtissues, enhanced 

cell proliferation and improved cell viability compared with IKVAV and YIGSR in 

salivary gland progenitor cells [206]. Although the diameter of I0 took part in the last 

rows of all groups, the diameters increased after 4th day. In 7th, 14th and 21st days, 

YIGSR groups were generally under the IKVAV groups in terms of diameter length 

and green color intensity. In the study, IKVAV concentrations exhibited higher SFMs 

enlargements than Y0 and Y1 groups. A study improved that IKVAV and YIGSR 

peptides may regulate cellular behaviours [207, 208]. While IKVAV mostly plays role 

in growth of cells, YIGSR generally supports adhesion and migration [207]. The 

greater enlargement capability may depend on growth and attachment properties of 

IKVAV. 
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 Similarly, DNA quantification results also promoted enlargements of SFMs and 

viability results. The highest DNA amounts in each time points belonged to peptide 

free 10% FBS group. However, R1 was higher than the other IKVAV, RGD and 

YIGSR peptide concentrations. Ding et al. showed that encapsulated Mesenchymal 

Stem Cells (MSC) in RGD modified hydrogels (1:3 RGD-hydrogel concentration) 

improved cell to cell communication, cell to ECM adhesion, and influenced cell 

survival by using integrins binding signals [209]. Moreover, the 1:2 RGD-hydrogel 

concentration showed the highest cell viability in another study [210]. Thus, 0.5 mM 

of RGD was more effective peptide concentration not only among RGD concentrations 

but also IKVAV and YIGSR. RGD supported longer term viability than IKVAV 

groups as mentioned in the literature [211]. Rinker et al, showed that 1 mM Acryl-

PEG-RGDS supported cell survival and differentiation for MSC and coculture with 

adipose and osteoblast cells [212]. Another study showed that IKVAVS sequence 

supported cellular attachments but not proliferation, nevertheless RGDS sequence 

demonstrated greater cell attachment, proliferation, and growth than IKVAVS 

sequences [213]. The study suggested that RGDS is attractive for multiple integrin 

receptors such as fibronectin receptor α5β1 of MSCs, promotes cell spreading and 

organization of cytoskeleton of cells, and also cell proliferation. Moreover, the RGD 

sequence, which leads to the activation of adhesion proteins of ECM, regulates the 

adhesion dependent signal for cell survival [214]. ALP activities of all SFMs were 

evaluated to understand osteogenic differentiation capacity of integrins binding 

peptides. From the first time point to the last time point, ALP activity of R1 was the 

highest rate compared with the other experimental groups even positive control. After 

14th day, ALP activities of nearly all group decreased as expected. However, the 

highest ALP activity was found in R1 group which was followed by R0. Thus, it was 

shown that RGD supported the highest ALP expressions for osteogenic differentiation. 

The result of ALP activity is proved by literature that RGD improves ALP activity 

[215-217]. A research indicated that higher ALP activity was found in the 0.5 mM 

RGD in comparison to the 0.5 mM YIGSR [205]. Even though I0 showed more ALP 

expression than Y2, the ALP expression differences between I0 and Y2 were not found 

statistically significant. IKVAV concentrations generally more expressed ALP than 

the YIGSR concentrations. However, I0 was not significant compared with the other 
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experimental groups except for control. Although Y2 group showed ALP activity, it 

was not significant. Mineralization was observed in the late time point of osteogenic 

differentiation [218]. The matrix mineralization had also been proved by osteogenic 

gene expressions. A study indicated that RGD increased matrix mineralization [216, 

218]. Chien et. al. reported that even 0.5 mM concentration of RGD supports 

mineralization of hBMSCs during osteogenic differentiation [219]. The results of this 

study were confirmed that R0 promoted calcification. However, R1 had more calcified 

matrix than 0.5 mM in this study. Wang et. al. showed that nearly 1 mM of chimeric 

RGD peptide also deposited calcium mineral to MC3T3‑E1 cell on titanium discs 

[220]. The chimeric peptide also supported osteogenic differentiation. Moreover, Itoh 

et. al. used 0.5 mg/ml of IKVAV and YIGSR in HAp-coating on nerve regeneration 

[221]. Controversy, a study which contained RGD, YIGSR, and SIKVAV peptide 

therapy declared that only RGD and SIKVAV sequences displayed a critical expansion 

in calcium uptake [222]. In the case, however, all of them were engaged with adhesion 

of Sertoli cells to laminin, they might tie to various ECM proteins/integrins on the cell 

surface and trigger different signalling pathways. The present study also confirmed 

that 0.5 mM of IKVAV released higher calcium concentration than YIGSR groups. 

 Relative mRNA expressions of ALP, collagen and osteopontin genes were 

evaluated by qPCR on days 4, 7, 14, and 21. ALP, as an early marker, was mostly 

produced in R1 group compared with the other experimental groups. Relative mRNA 

expression of ALP endorsed results of ALP activity that R1 was followed by R0. 

Although, ALP mRNA expression of I0 was higher than Y2 group, the differences 

between them were not statistically significant. Similar to ALP results, R1 mostly 

expressed collagen. Actually, native collagen already contains RGD sequence [203]. 

On the other hand, nearly all IKVAV groups were higher expressed collagen than 

YIGSR groups. Previous study used collagen mimetic peptides with RGD and 

IKVAV. The results of the study showed that RGD sequence significantly increased 

proliferation rate and collagen stimulation [223]. However, a study showed that 

combination of YIGSR and a unit of collagen supports to bind collagen [224]. The 

reason of lower osteogenic differentiation of Y0 and Y1 groups may depend on 

inadequate of these concentrations in the main frame. On the other hand, the 

expression of osteopontin of R1 followed similar results with ALP and collagen 
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mRNA expression. The overwhelming majority in osteopontin expression was 

observed in R1 group. A research already showed that the osteopontin binds to 

integrins to regulate ion transportation by utilizing RGD sequence [225]. Actually, 

RGD and osteopontin interaction occurs depending on concentration of RGD. It is 

already known that natural structure of osteopontin includes RGD sequence [226]. A 

study stated that RGD and YIGSR induced osteopontin expression in adipose derived 

MSCs [227]. 

Consequently, RGD and IKVAV may initiate osteogenic differentiation by 

multiple integrin ligands [215]. 50 % (w/v) of IKVAV can induce upregulation of 

osteogenic markers for regeneration of bone in MSCs [228]. 0.5 mM of IKVAV 

supported the higher differentiation than the 1 mM and 2 mM concentrations of 

IKVAV. On the other hand, 2 mM of YIGSR showed competitive properties with 0.5 

mM of IKVAV group. 2 mM of YIGSR already exhibited the higher osteogenic 

differentiation than the other YIGSR groups. However, the 1 mM of RGD sequence 

was the most effective group and concentration in terms of osteogenic differentiation. 

The reason may depend that RGD is mostly recognized by hBMSC for differentiation 

[229].  

The previous studies suggested that osteogenesis may be dependent upon the 

activation of β1 integrin [102, 230]. Moreover, RGD plays critical important role in 

stem cell differentiation by binding to collagen, ανβ3 and ανβ5 integrins so it mediates 

cell signalling and differentiation [231]. The interaction of RGD and integrin 

(particularly α5β1, α5βv) transfers the signal to proliferate cells by the integrin-

mediated signalling [216, 232]. Moreover, another study suggested that α5β1 integrin 

and RGD peptide interaction comes from the aspartic acid (D) -154 residue in the α5 

subunit [233, 234]. Calcium cation also plays fundamental role for ECM protein and 

integrin binding. Actually, the differentiation ability of RGD may depend on multiple 

integrin binding properties of RGD [102]. The success of RGD sequence may depend 

on more interaction with integrin mediated signalling than IKVAV and YIGSR. 
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4.5 Conclusions 

The study supported the first comprehensive analysis of alternative integrin 

binding peptides and their different concentrations throughout differentiation of 

hBMSCs, showing that osteogenesis was characterized by SFMs diameter, viability, 

osteogenic differentiation and qPCR analysis of osteogenic genes. Understanding the 

role of integrin binding peptides in cellular responses is fundamental for the 

progression of stem cell based regenerative therapies. Although the molecular 

mechanism of integrin binding peptides has not been yet clarified, it has been observed 

in this study that RGD peptide is more effective than IKVAV and YIGSR peptides to 

get cellular responses of osteogenic differentiation. It was concluded that 1 mM 

concentration of RGD critically contributes to proliferation and viability of coculture 

of stem cell and endothelial cells on 3D SFMs. 1 mM of RGD peptide also improved 

bone regeneration by boosting osteogenic differentiation. The results may be evaluated 

by clinical researchers to repair of bone defects.  

 

 

 

 

 

 

 



63 

 

Chapter 5 

5. Investigation of The Optimal Light 

Parameters for Photobiomodulation to 

Induce Osteogenic Differentiation of 

The Human Bone Marrow Stem Cell: 

Human Umbilical Vein Endothelial 

Cell Co-Culture 

5.1 Introduction 

 Bone disorders are major health problems and are related to many chronic 

diseases in people over the age of 50 [235]. With the rapid growth of tissue engineering 

technologies, bone tissue engineering is now a promising strategy for therapeutic 

solutions to bone abnormalities in recent years. It benefits from multidisciplinary 

approaches which are used to improve or replace bone tissues [33]. Traditional in vitro 

cell culture aims to research the structure of the natural bone microenvironment for 

adhesion, proliferation, and differentiation of the cells by using the improvements in 

bone tissue engineering [236]. However, only one cell line usage can be insufficient 

to fabricate the natural bone structure in in vitro studies. Therefore, the co-culture 

system has been developed and utilized in the traditional monolayer cell culture model. 

The combination of more than one cell line, especially to mimic the bone 

microenvironment, supports the mutual interaction between cells and the matrix [237]. 

The major objective to create a co-culture is to enable cell-to-cell interaction and thus 
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sustain the capacity of stem cells [237, 238]. Former studies indicated that the co-

culture of Human Bone Marrow Stem Cells (hBMSC) and Human Umbilical Vein 

Endothelial Cells (HUVEC) influenced the proliferation of stem cells positively and 

improved their osteogenic differentiation [237, 239].  

 Besides the other promising tissue engineering strategies, photobiomodulation 

(PBM) therapy is an alternative application to promote cell differentiation and can also 

be used for osteogenic differentiation. PBM can be utilized for the modulation of cell 

functions that regulates cell growth, proliferation, and differentiation [240-244]. The 

red and near-infrared regime of the electromagnetic spectrum is mostly preferred to 

generate biomodulation effects through PBM because mitochondria have specific 

structures that act as a strong absorber for these wavelengths to initiate the mechanism 

of PBM [242, 245, 246]. The copper and heme group of cytochrome c oxidase in 

mitochondria are the chromophore molecules that strongly absorb the photon energy 

of red and near-infrared wavelengths. After the initiation of the chain of reactions in 

PBM, it continues with the synthesis of intracellular reactive oxygen species (ROS), 

ATP production, and NO release [242-244, 247-249]. These molecules act as signal 

molecules that induce the synthesis of transcription factors, genes, and protein 

expressions [240, 247]. Similar processes take place when PBM is used for osteogenic 

differentiation, bone regeneration, and bone healing [141] (Figure 5.1).  
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Figure 5.1: The induction of bone regeneration based on PBM. (Created with 

BioRender.com). 

 However, there is still a lack of information, which needs to be revealed, on the 

mechanism of PBM for osteogenic differentiation. Besides, determination of the 

specific wavelength and light parameters is great importance to increase the success 

of the light therapy. In addition to this, it is also known that successive light treatments 

provides more opportunistic outcomes in PBM, instead of single light treatment on the 

cells [248, 250, 251]. There are still unknowns about the underlying mechanism of 

osteogenic differentiation induced by PBM. The role of ROS, NO, and ATP levels in 

PBM has not yet been totally enlightened during osteogenic differentiation. Therefore, 

we aimed to reveal the molecular mechanism of PBM at 655 and 808 nm of 

wavelengths during the osteogenesis of the (hBMSC):(HUVEC) co-culture and 

identify the most effective energy densities of both wavelengths for the osteogenic 

differentiation.  
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5.2 Materials and Methods 

5.2.1 Materials 

 All cell culture products (Dulbecco's modified eagle medium: F12 (DMEM: 

F12), Penicillin Streptomycin, L-glutamine, Phosphate buffered saline tablets, trypsin-

EDTA, 2′,7′-dichlorofluorescein diacetate (DCFH-DA), gentamycin, FBS, B-

glycerophosphate, dexamethasone, ascorbic acid were purchased from Sigma Aldrich 

(St. Louis, Missouri, USA). hBMSCs were supplied from CLS Company (300665-

102, Eppelheim, Germany). HUVECs were kindly provided from the Bioengineering 

Department, Ege University (Izmir, Turkey). ATP was analyzed by CellTiter-Glo 

(G7570, Promega, US). NO release was analyzed by Griess Reagent (K544-200, CA, 

USA). ALPase activity was tested by Alkaline Phosphatase Assay Kit (ab83369, 

Abcam, USA). Ca+2 content was measured by Quanthichrom Calcium Assay Kit 

(DICA-5, Bioassay Systems, CA, USA).  

5.2.2 Cell Culture and Osteogenic Media Preparation 

 DMEM: F12 was used as the culture medium together with 10% fetal bovine 

serum (FBS), 1% penicillin-streptomycin, 50 µg/mL gentamicin, 250 ng/mL 

fungizone, and 1% L-glutamine for hBMSCs and HUVECs. They were incubated in a 

humidified environment containing 5% CO2 at 37°C. After the cells reached 

confluency of around 80%, they were trypsinized for assays. Co-culture was 

constructed by hBMSC and HUVEC cells with a ratio of 1:1. Basal medium containing 

100 nM dexamethasone, 50 µg/mL ascorbic acid, and 10 mM ß-glycerophosphate was 

used for osteogenic differentiation. Co-culture was incubated with osteogenic media 

up to day 21 [166]. For the scratch assay, a total of 5x105 cells were used in a single 

well of 24-well plates. For the other assays, a total of 5x103 cells were used in a single 

well of 96 well plates [246].  

5.2.3 Light Sources 

 PBM therapy for osteogenic differentiation was performed by a 655-nm Diode 

Laser (Changchum New Industries Optoelectronics Tech, China) and an 808-nm 
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Diode Laser (Omnibil, Turkey). The optical fibers of laser devices were 

perpendicularly installed on an optical table with an XYZ platform to expose light to 

the cell culture plates. The distances between the fiber tip and the target remained 

constant throughout the experiment. Each laser device uniformly irradiated a defined 

region on plates, and the applied energy densities were changed by changing the 

exposure times. The output power of both laser devices was adjusted to 0.2 Watt. For 

both wavelengths, 1, 3, and 5 J/cm2 of energy densities were employed to irradiate the 

cells three times with a 24-hour time interval [246].  

5.2.4 In-vitro Wound Healing Assay 

 For the analysis of the cell proliferation and migration after PBM applications, 

the scratch assay was performed as a wound healing analysis. After overnight culture 

of the cells seeded in 24-well plates, the cells that adhered to the bottom of the wells 

were scratched with a pipette tip in the middle of the cell population [252]. Then, PBM 

applications were performed at 1, 3, and 5 J/cm2 of energy densities three times with 

a 24-hour time interval. The control group was not received any light irradiation. 

Starting from the first light application, the micrographs of the cells were obtained 

with an inverted microscope (CKX41, Olympus, Tokyo, Japan) until the wound area 

was closed for each sample. The wound area of each sample was examined by Image 

J software (NIH, USA). 

5.2.5 Analysis of the Intracellular ROS Production  

Before PBM application, the co-culture was incubated with 100 µl of 0.1 mM 

2′,7′-dichlorofluorescein diacetate (DCFH-DA) solution for 45 minutes. DCFH-DA 

was used to evaluate the amount of intracellular ROS produced as a result of laser 

treatments. In the presence of ROS, DCFH-DA is turned into dichlorofluorescein 

(DCF) and the fluorescent intensity of DCF can be measured as an indication of the 

ROS available in the cells. After the incubation with DCFH-DA, the co-culture was 

rinsed twice with PBS. Then the specific experimental protocols were applied to each 

group. The fluorescent intensity was read after the applications were completed with 

a microplate reader (Synergy™ HTX, BioTek, VT, USA) using the 485/20 nm of 

excitation wavelength and 528/20 nm of emission wavelength [253].  
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5.2.6 Analysis of ATP Production  

One main indication of PBM is to produce ATP after light irradiation [254, 

255]. ATP production of each sample was analyzed to enlighten the PBM mechanism 

of co-culture according to the literature and prescription of the kit [254]. Briefly, the 

ATP levels of 2D cell culture were measured 30 minutes after light applications. 50 

μL of CellTiter-Glo was added into the mediums of co-culture. After 2 minutes of 

incubation at room temperature, the luminescence value was obtained with the 

microplate reader. 

5.2.7 Analysis of NO Release 

NO molecules in mitochondria are released after the light absorption by the 

cytochrome c oxidase. Thus, its analysis is very important to understand the underlying 

mechanism of PBM [253]. Briefly, the Griess reagent which contains sulfanilic acid 

and N-(1-naphthyl)ethylenediamine was used to quantify the amount of NO release. 

Nitrite molecule is the breakdown product of NO and it reacts with sulfanilic acid and 

N-(1-naphthyl) ethylenediamine. After this reaction, a dye molecule is produced and 

it can be analyzed spectrophotometrically. The identical amount of Griess reagent and 

the supernatant of each sample were mixed. They were incubated for 30 minutes at 

room temperature. The absorbance values were obtained with the microplate reader at 

548 nm of wavelength. 

5.2.8 Analysis of Osteogenic Differentiation  

Osteogenic differentiation was analyzed by DNA quantification, ALP activity, 

and Calcium Deposition analysis as described in the previous study [166]. On 4, 7, 14, 

and 21 days, cells were rinsed with PBS and then they were lysed with 10 mM Tris-

0.2% triton solution. These samples were used for the analysis of DNA, ALP, and 

calcium content. The amount of DNA was analyzed by mixing 50 μL of the suspension 

of each sample with 150 μL of the DNA solution. ALP activity was measured by p-

nitrophenyl phosphate (pNPP) at 405 nm of wavelength in an alkaline solution. Each 

lysed sample was incubated in the presence of 10 µl ALP enzyme mixed with 50 µl 5 

mM para-nitrophenyl phosphate solution. They were incubated at 25°C for 60 min in 
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the dark. Then the samples were mixed with 20 µl of stop solution. The absorbance 

values were obtained at 405 nm of wavelength by a microplate reader [256]. Calcium 

content was analyzed by mixing 50 μL of the suspension with 150 μL of the working 

solution which includes Reagent A and B (1:1 ratio) of calcium assay [166]. After 

incubation, absorbance values were obtained at 612 nm of wavelength. ALP activity 

and Calcium content were identified in each sample by normalizing them with the 

DNA content. 

5.2.9 Temperature Measurement 

Although PBM is a non-thermal therapy and the output power was adjusted to 

0.2 W in the experiments, the absorption of the photon energy may increase the 

temperature of the target. Thus, light applications may cause irreversible damage 

which is an undesired outcome in these applications. Thus, temperature measurements 

were carried out simultaneously with the laser irradiations during PBM applications 

with a thermal camera (Testo 882, Melrose, USA) on a 2D co-culture. Temperature 

measurements were carried out at the beginning (t1) and the end of the light application 

(t0). Δt was calculated by taking differences between the first and the last temperature 

measurement (Δt=t1-t0) to monitor the temperature increase. 

5.2.10 Statistical Analysis 

 All applications were repeated triple and at least 3 samples were used in each 

application. The data of ROS, ATP, and NO assays obtained from the experimental 

groups were normalized with the data of the control group. While data of ROS, ATP, 

and NO assays were analyzed by one-way ANOVA, the data of Scratch assay, DNA, 

ALP, and Calcium analysis were analyzed by two-way ANOVA. Then, each 

experimental group was compared with the control group by the Student’s t-test. The 

statistical differences were defined as p* < 0.05, p** < 0.01 and p*** < 0.001. 
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5.3 Results 

5.3.1 Wound Closure 

Scratch assay images for the PBM applications at 655 nm of wavelength were 

given in Figure 5.2 and for the PBM applications at 808 nm of wavelength were given 

in Figure 5.3. Before the experiments, the cells in each sample were scratched so that 

there was no remaining cell in the middle of the wells. It was observed that the rate of 

proliferation and migration of cells increased depending on energy densities. 

Especially, after the 48th hour, the rate of proliferation was at its maximum level and 

the cells migrated to the wound area in all laser groups.  

 

Figure 5.2: Microscopic images of the hBMSC: HUVEC co-culture obtained 

during in vitro wound-healing assay (Wavelength: 655 nm, Energy densities: 1, 3, 

and 5 J/cm2, Scale bar is 100 µm) 
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Figure 5.3: Microscopic images of the hBMSC: HUVEC co-culture obtained 

during in vitro wound-healing assay (Wavelength: 808 nm, Energy densities: 1, 3, and 

5 J/cm2, Scale bar is 100 µm) 

The closed wound areas were represented in Figure 5.4 for the applications at 

655 and 808 nm of wavelengths (A and B). For 655 nm of wavelength, wound closure 

measurements of control, 1, 3, and 5 J/cm2 groups were calculated as 45±2.39%, 

57±2.34% (p*<0.05), 50±1.25%, and 96±1.81% (p***<0.001) at the 48th hour, 

respectively. At the end of the 72nd hour, closed wound areas were 55±1.00%, 

90±6.07% (p***<0.001), 97±0.67% (p***<0.001), 99±0.74% (p***<0.001), 

respectively (Figure 5.4A). PBM application at 5 J/cm2 energy density of 655 nm of 

wavelength provided the fastest wound healing process. 

For 808 nm of wavelength, the closed wound area of the control, 1, 3, and 5 

J/cm2 groups were calculated as 45±2.39%, 56±1.09% (p**<0.01), 51±5.12%, and 

96±0.51% (p***<0.001) at the 48th hour, respectively. At the end of the 72nd hour, 

measurements for the control, 1, 3, and 5 J/cm2 groups were 55±1.00%, 97±1.12% 

(p***<0.001), 96±2.82% (p***<0.001), 100±0.05 (p***<0.001), respectively (Figure 
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5.4 B). The application of 5 J/cm2 energy density provided the fastest wound healing 

process at this wavelength, too. 

 

Figure 5.4: The percentages of the wound closures in in vitro wound healing assay of 

the hBMSC: HUVEC co-culture treated at a) 655 nm of wavelength b) 808 nm of 

wavelength (Energy densities: 1, 3, and 5 J/cm2). Data were evaluated with two-way 

ANOVA followed by Student’s t-test. p*<0.05, p**<0.01, and p***<0.001 

5.3.2 Intracellular ROS Production  

The measurements for intracellular ROS production were presented in Figure 

5.5. Even though there was not any statistically significant increase in ROS level 

compared to the control group, slight increases were observed with the 1 J/cm2 

application at 655 nm of wavelength and 3 J/cm2 application at 808 nm of wavelength. 
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Figure 5.5: The percentages of the intracellular ROS level in the hBMSC: HUVEC 

co-culture treated at 655 and 808 nm of wavelengths (Energy densities: 1, 3, and 5 

J/cm2). Data were evaluated with one-way ANOVA followed by Student’s t-test. 

p*<0.05, p**<0.01, and p***<0.001 

5.3.3 ATP Synthesis  

The levels of ATP production after each application were measured as they 

were presented in Figure 5.6. For the applications at 655 nm of wavelength, the levels 

of ATP productions in the control, 1, 3, and 5 J/cm2 groups were 100±5%, 113±5% 

(p*<0.05), 73±3% (p***<0.001), and 118±4% (p***<0.001), respectively. For the 

applications at 808 nm of wavelength, the levels of ATP productions in the control, 1, 

3, and 5 J/cm2 groups were 100±5%, 125±0% (p***<0.001), 99±1%, and 122±6% 

(p***<0.001), respectively. The highest ATP production was observed in the 1 and 5 

J/cm2 groups for both wavelengths. They were also statistically significant compared 

to the control group. Interestingly, a decrease was observed in ATP level after the 

application at 3 J/cm2 energy density for 655 nm of wavelength. Nevertheless, the 

increases in ATP level obtained in 5 J/cm2 energy density application for both 

wavelengths were consistent with the increases in wound closures.  
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Figure 5.6: The percentages of the ATP level produced in the hBMSC: HUVEC co-

culture treated at 655 and 808 nm of wavelengths (Energy densities: 1, 3, and 5 

J/cm2). Data were evaluated with one-way ANOVA followed by Student’s t-test. 

p*<0.05, p**<0.01, and p***<0.001 

5.3.4 NO Release 

 The levels of NO released after each application were shown in Figure 5.7. For 

655 nm of wavelength, the maximum amount of NO was released with the application 

at 3 J/cm2 energy density and it was measured as 156% which was statistically 

significant compared to the control group. 5 J/cm2 energy density provided 20% more 

NO release compared to the control group, which was also statistically significant. For 

808 nm of wavelength, the highest amount of NO was released after the application at 

1 J/cm2 energy density. It was 100% more than the control group. 3 J/cm2 energy 

density provided 70% more NO release, and 5 J/cm2 energy density provided 50% 

more NO release at this wavelength. All of these outcomes were statistically 

significant compared to the control group. 
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Figure 5.7: The percentages of the NO level released in the hBMSC: HUVEC co-

culture treated at 655 and 808 nm of wavelengths (Energy densities: 1, 3, and 5 

J/cm2). Data were evaluated with one-way ANOVA followed by Student’s t-test. 

p*<0.05, p**<0.01, and p***<0.001 

5.3.5 DNA Content, ALPase Activity, and Calcium Level 

 To define the osteogenic differentiation capacity of the cells depending on the 

energy density and the wavelength, the analyses for DNA, ALPase, and Ca+2 content 

were performed after each application and their progress was followed until the 21st 

day. As shown in Figure 5.8, all energy densities at 655 nm of wavelength promoted 

the amount of double-stranded DNA day by day. The highest amount of DNA was 

achieved with the application at 5 J/cm2 energy density, which was measured as 759±6 

ng/ml. Similar outcomes were obtained at 808 nm of wavelength. All energy densities 

provided a day-by-day increase in DNA content in the cells and the application at 5 

J/cm2 energy density induced the highest amount of DNA production which was 

measured as 862±20 ng/ml at end of the last time point of osteogenic differentiation. 
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Figure 5.8: DNA content analysis in the hBMSC: HUVEC co-culture treated at a) 

655 nm of wavelength b) 808 nm of wavelength (Energy densities: 1, 3, and 5 

J/cm2). Data were evaluated with two-way ANOVA followed by Student’s t-test. 

p*<0.05, p**<0.01, and p***<0.001 

 Datas obtained from the analysis of ALPase activity were normalized with the 

DNA amount for each sample and presented in Figure 5.9. After the applications at 

655 nm of wavelength, ALPase activities of control, 1, 3, and 5 J/cm2 groups were 

measured as 3612±27, 3906±93, 3781±120, and 4154±58 IU/ng DNA on day 14, 

respectively. The highest ALPase activity was achieved with 5 J/cm2 energy density 

at 655 nm of wavelength. Then, a decrease was observed in all experimental groups 

on the 21st day. After the applications at 808 nm of wavelength, ALPase activities of 

control, 1, 3, and 5 J/cm2 groups were measured as 3612±27, 3741±62, 3921±26, and 

4141±31 IU/ng DNA on day 14, respectively. The highest ALP activity at 808 nm of 

wavelength was measured as 4141±31 IU/ng DNA after the application at 5 J/cm2 

energy density on day 14. Similarly, a decrease was observed in all experimental 

groups on the 21st day. 
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Figure 5.9: ALPase activity analysis in the hBMSC: HUVEC co-culture treated at a) 

655 nm of wavelength b) 808 nm of wavelength (Energy densities: 1, 3, and 5 

J/cm2). Data were evaluated with two-way ANOVA followed by Student’s t-test. 

p*<0.05, p**<0.01, and p***<0.001 

 The datas of the analysis for calcium content were normalized with the DNA 

amount for each sample and presented in Figure 5.10. For the applications at 655 nm 

of wavelength, the calcium contents in control, 1, 3, and 5 J/cm2 groups were measured 

as 2437±68, 2798±43, 2491±188, and 3069±61 ng/ng DNA on day 21, respectively. 

For the applications at 808 nm of wavelength, the calcium contents in control, 1, 3, 

and 5 J/cm2 groups were measured as 2437±68, 2706±124, 2516±46, and 2957±85 

ng/ng DNA on day 21, respectively. The highest calcium content was obtained with 

the application at 5 J/cm2 energy density for both wavelengths. 
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Figure 5.10: Calcium content analysis in the hBMSC: HUVEC co-culture treated at 

a) 655 nm of wavelength b) 808 nm of wavelength (Energy densities: 1, 3, and 5 

J/cm2). Data were evaluated with two-way ANOVA followed by Student’s t-test. 

p*<0.05, p**<0.01, and p***<0.001 

5.3.6 Temperature Changes 

The temperature changes between the initial and final temperatures during the 

laser applications were measured with a thermal camera to monitor whether there was 

a photothermal effect on the cells. As it was shown in Table 5.1, the increase in 

temperature depended on the energy density and the wavelength. When the energy 

density increased, more temperature change was observed. Besides, 808 nm of 

wavelength induced more temperature increase in the cells.  The highest temperature 

difference was 0.9C and it was observed during the application at 5 J/cm2 energy 

density for 808 nm of wavelength. 
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Table 5.1: Temperature measurements with a thermal camera during the laser 

applications 

Temperature Measurements 

Wavelength 

Energy 

Density 

(J/cm2) 

Initial 

(˚C) 

Final 

(˚C) 

Δt 

(˚C) 

655 nm 

1 24 24.2 0.2 

3 24.3 24.6 0.3 

5 24 24.7 0.7 

808 nm 

1 25 25.4 0.4 

3 25.3 25.9 0.6 

5 25 25.9 0.9 

5.4 Discussions 

In this study, the effects of 1, 3, and 5 J/cm2 energy densities at 655 and 808 

nm of wavelengths were investigated to induce osteogenic differentiation of the co-

culture of Human Bone Marrow Stem Cell (hBMSC): Human Umbilical Vein 

Endothelial Cell (HUVEC). Mechanistic analyses for intracellular ROS production, 

NO release, and ATP synthesis were performed to understand their role in PBM 

therapy used for osteogenic differentiation. The changes in ROS, NO, and ATP levels 

were then correlated with the markers of osteogenesis, such as DNA, ALP, and 

calcium content.  

The use of optimal dosimetry is critically important for PBM through the 

desired therapeutic outcome [257, 258]. Low-level light doses are used to induce PBM 

and especially red and near-infrared wavelengths are preferred because of the specific 

chromophores in the mitochondria that strongly absorb these wavelengths [243, 247, 

251]. Nevertheless, near-infrared wavelengths have the possibility to cause 

photothermal reactions which may result in thermal side-effects on the target [257]. 

Even though low-level light parameters were investigated, temperature monitoring is 
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crucial to be sure about the non-thermal mechanism of PBM. In this study, the 

maximum temperature change observed was 0.9C which may be regarded as 

negligible and did not have the possibility to induce any thermal side-effect [259, 260]. 

Thus, the light parameters used in these experiments can be considered safe for PBM. 

Wound closure depending on the proliferation and migration rate of the cells 

in hBMSC: HUVEC co-culture treated with laser light was compared with the non-

treatment group. All energy densities at 655 and 808 nm of wavelength were quite 

effective after the 24th hour. Even though 5 J/cm2 energy density was the most effective 

light parameter for both wavelengths in the 48th hour, all light-treated groups exhibited 

an effective proliferation rate than the control group. Previous studies have shown that 

red and near-infrared wavelengths support cell proliferation [245], especially the 5 

J/cm2 energy density of red wavelength contributed to the healing of the wounds [261-

263]. Mokoena et al. showed that 5 J/cm2 energy density at 660 nm of wavelength 

started to close the wounds after the 48th hour [264]. Topaloglu et al. also indicated 

that 5 J/cm2 energy density at 808 nm of wavelength exhibited a faster wound healing 

process [246]. Thus, it can be seen that the outcomes of this study are compatible with 

the outcomes of the previous studies. 

PBM is a non-thermal light application that triggers various cellular 

mechanisms via intracellular ROS production, ATP synthesis, NO release, etc. [242, 

243]. Those signal molecules may induce osteogenic differentiation [245, 258]. Thus, 

the level and the role of these molecules were investigated in the hBMSC: HUVEC 

co-culture system after PBM. Surprisingly, the level of intracellular ROS did not 

change significantly in these experiments, only slight changes were observed after 

light applications. However, the rate of ATP synthesis significantly increased after 

light applications, especially at 1 and 5 J/cm2 energy densities for both wavelengths. 

Similarly, previous studies have also reported that 5 J/cm2 energy density at 632.8, 

635, and 660 nm of wavelengths enhanced ATP production [249, 265]. Another study 

showed that 1 J/cm2 energy density at 980 nm of wavelength was also effective for 

ATP synthesis [266]. Amaroli et al. showed in their study that 808 nm of wavelength 

induced ATP synthesis via mitochondria [258]. Therefore, it can be clearly stated that 

1 and 5 J/cm2 energy densities at red and near-infrared wavelengths have similar 
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effects on hBMSC: HUVEC co-culture in terms of ATP production as in previous 

studies. Different from the energy densities that were effective for ATP synthesis, 3 

J/cm2 energy density at 655 nm of wavelength and 1 J/cm2 energy density at 808 nm 

of wavelength were the most effective light parameters to induce more NO release. 

Nevertheless, 5 J/cm2 energy density at both wavelengths exhibited significant NO 

release, which contributed PBM mechanism together with ATP synthesis. When light 

can trigger mitochondrial respiration by separating NO from cytochrome c oxidase, it 

is well known that its release is positively correlated with an increase in ATP and it 

indicates that mitochondrial metabolism and respiration have been activated [267]. 

While the proliferation and migration rates of the cells in the hBMSC: HUVEC 

co-culture increased, the measured DNA amount increased from the 4th to the 21st day, 

too. The highest DNA content was obtained from the cells treated with 5 J/cm2 energy 

density for both wavelengths. Previous studies have also indicated that red and near-

infrared wavelengths increase cell proliferation via PBM [261, 268, 269], thus it was 

not surprising to obtain a significant increase in DNA content. ALP is a critically 

important osteogenic marker that is expressed in the early time point of osteogenesis 

[166]. The ALP level was significantly increased after laser irradiation compared to 

untreated control groups. The highest expression rate of ALP was directly observed in 

the groups treated with 5 J/cm2 energy density at 655 nm and 808 nm of wavelength. 

Biao et al. showed that the applications with 1 J/cm2 energy density effectively 

expressed ALP levels at 630 and 810 of wavelength on day 14 [270]. In another study 

done by Bueno et al., the applications with 5 J/cm2 energy density at 660 nm of 

wavelength promoted ALP activity on day 14 [271]. Previous studies already indicated 

that 5 J/cm2 energy density augmented ALP activity and osteogenic differentiation of 

stem cells [271, 272] which supports our findings in this study. In general, a significant 

amount of calcium deposition occurs in late time points of osteogenic differentiation, 

indicating the mineralization of the bone matrix [166, 273]. Similar to the previous 

analysis, light application at 5 J/cm2 energy density of both wavelengths deposited the 

highest calcium mineralization. A previous study indicated that both 630 and 810 nm 

of wavelengths in PBM can afford calcium deposition [270]. Ghidini et al. also showed 

that 5 J/cm2 energy density at 645 nm of wavelength induced the highest cell 

proliferation and calcium deposition [274]. Karic et al. supported these findings with 
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their study that 5 J/cm2 energy density at 660 nm of wavelength provided osteogenic 

differentiation [249]. Other studies also showed that 808-810 nm of wavelengths 

increased the mineralization of stem cells [242, 270].  

All of these findings supported that PBM is an effective therapeutic way for 

bone regeneration. In general, it is assumed that the PBM mechanism is supported by 

intracellular ROS, ATP, and NO release. However, we observed that the change in 

intracellular ROS was quite low and the changes in ATP and NO levels were 

significant. Thus, it should be stated that they have a more important role in osteogenic 

differentiation of the cells in the hBMSC: HUVEC co-culture through the PBM 

mechanism at red and near-infrared wavelengths. In previous studies, several energy 

densities ranging from 1 to 20 J/cm2 of red and near-infrared wavelengths were 

assessed, 5 J/cm2 energy density advanced MSCs proliferation, arrangements of bone 

factors, inflammation, and cell signalling pathways in the most striking way [271, 272, 

275, 276]. Our findings also showed that 5 J/cm2 energy density at 655 and 808 nm of 

wavelengths played the most effective role in cell proliferation and migration, ATP 

synthesis, NO release, ALPase activity, and mineralization. 

5.5 Conclusions 

It can be clearly stated that PBM enhanced osteogenic differentiation in the 

hBMSC: HUVEC co-culture, by influencing the mechanism of DNA synthesis, 

ALPase activity, and calcium content. Especially, ATP production and NO release had 

key roles in the proliferation, migration, and osteogenic differentiation through PBM 

therapy at red and near-infrared wavelengths. 5 J/cm2 energy density at 655 and 808 

nm of wavelength was the most successful light parameter on hBMSC: HUVEC co-

culture for the osteogenic differentiation. It was understood that PBM therapy is an 

alternative and promising strategy for bone regeneration by determining the optimal 

light parameters that might be specific to certain types of cells. 
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Chapter 6 

6. Photobiomodulation Therapy at Red 

And Near-Infrared Wavelengths for 

Osteogenic Differentiation in The 

Scaffold Free Microtissues 

6.1 Introduction 

 One of the primary objectives of bone tissue engineering is to accelerate the bone 

regeneration using novel technologies that deal with stem cells, bone matrices, and 

bone cell signalling mechanisms. Especially, Human Bone Mesenchymal Stem Cells 

(hBMSCs) have shown high potency for the treatment of bone damage, bone loss, and 

fracture recently. hBMSCs produce cytokines and growth factors for the formation of 

extracellular matrix (ECM), promote wound repair, and induce bone regeneration 

[277]. The fate decision of hBMSCs can be regulated by their microenvironment 

which contains growth factors, cytokines, chemicals and, also mechanical forces 

[239]. hBMSCs are also affected by endothelial cells which they come into contact 

[239, 278]. The complex combination of these cells induces osteogenic differentiation 

[279]. Moreover, co-culture of stem cells and endothelial cells facilitates bone 

regeneration [280]. Besides, there are other technologies which are very promising and 

powerful for tissue regeneration, such as therapeutic light applications. 

Photobiomodulation (PBM) is an example of such therapeutic light applications, 

which are also capable to support the regeneration capacity of a co-culture formed by 

the stem and endothelial cells [253]. 
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PBM, which is formerly defined as Low-Level Light Therapy (LLLT), is 

known to induce cell proliferation, differentiation, and wound healing [242, 281-285]. 

It may also support bone regeneration, and thereby the healing of large bone damages 

[286, 287]. It may have very effective roles in bone formation by inducing several 

physiological processes [242, 287]. PBM depends on photochemical interaction 

mechanism which is a non-thermal process and it directly affects the mitochondria 

[285, 288]. The wavelength range of 600 to 1200 nm is called therapeutic window and 

the light sources that operate in this region are commonly used to induce PBM [289, 

290]. Especially, the wavelengths around 600 and 800 nm are strongly absorbed by 

the heme groups of cytochrome c oxidase in mitochondria and it is the onset of the 

mechanism of PBM [290]. Thus, cytochrome c oxidase works as a photoacceptor, 

which is found at the end of the mitochondrial respiratory chain [130]. Redox reactions 

in cytochrome c affect cell signalling molecules [282, 283, 291]. Biochemical 

reactions that are induced by these molecules result in the production of intracellular 

reactive oxygen species (ROS), Adenozine Triphosphate (ATP), and Nitric Oxide 

(NO) release at the end of the light absorption [242, 288, 292]. This set of events 

accelerates the cell division by increasing the synthesis of DNA and RNA, protein 

expressions, and supports the regulation of the cell cycle [242, 288]. PBM with these 

changes enhances the mitochondrial activity and as a result of this, it may induces 

osteogenic differentiation at the molecular level (Figure 6.1). Thus, it may support 

bone regeneration [242, 285, 288, 292]. 
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Figure 6.1: PBM induced bone regeneration. (Created with BioRender.com). 

Along with this, the therapeutic success of PBM depends on several parameters 

such as the wavelength, energy density, output power, application time, the area of 

application, and the number of repetitions of the light applications [242, 293]. It is well 

known that PBM exhibits biphasic dose response of the cells and therefore it may 

induce biostimulation or bioinhibition depending on the light parameters that are used 

[289]. Thus, the use of optimal light parameters is very crucial for obtaining the desired 

photobiomodulative effect on the cells or tissue upon irradiation [242, 285, 286]. 

 Recently, tissue engineering studies focuses on 3D in vitro models, instead of 

monolayer cell cultures, to observe the natural responses of the cells in their 

microenvironments [294]. The approach aims to ensure mimicking in vivo tissue 

regeneration. 3D Scaffold Free Microtissues (SFMs) can be a good candidate as a 

bridge between the traditional monolayer culture and in vivo systems [64, 294-296]. 

SFMs can produce a self-extracellular matrix (ECM) and they support obtaining more 

natural responses of cells in terms of cell proliferation, cellular communications, 

matrix production, and gene expression [64, 295, 297]. Therefore, SFMs may mimic 

natural niches of in vivo systems. 3D SFMs can also promote in vivo cellular responses 

during bone regeneration. Although the 3D SFMs have many advantages, 2D cell 
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culture is the most well-known and the commonly used system in PBM studies [254, 

269]. However, 2D cell culture may fail during the determination of the optimal light 

parameters [298-300], as well as the intracellular mechanisms that end up with cell 

proliferation, differentiation, and/or wound healing because of its limited matrix 

production and restricted cellular communication [64, 295, 296, 301, 302]. Therefore, 

the determination of the appropriate PBM parameters in 2D cell culture model may 

not be optimal methodology to investigate the mechanism of osteogenesis in complex 

organisms.  

This study aimed to investigate the molecular mechanism of PBM on 3D SFMs 

formed by the coculture of hBMSCs and HUVECs. PBM was induced with two 

different wavelengths (655 and 808-nm) at three different energy densities (1, 3, and 

5 J/cm2). The optimal light parameters for bone tissue regeneration were evaluated 

with cell viability assays, mechanistic analysis (intracellular ROS production, ATP 

synthesis, and NO release), the determination of molecular mechanisms (DNA 

quantification, mineralization, and ALPase activity), and the gene expression analysis 

of the osteogenic markers via qRT-PCR. 

6.2 Materials and Methods 

6.2.1 Materials 

hBMSC (300665-102) were purchased from, CLS Company, Eppelheim, 

Germany. HUVECs were kindly provided from the Department of Bioengineering, 

Ege University. All cell culture supplements (trypsin-EDTA, L-glutamine, 

DMEM:F12, Penicillin Streptomycin, Phosphate buffered saline tablets, 2′,7′-

dichlorofluorescein diacetate (DCFH-DA), gentamycin, FBS, B-glycerophosphate, 

dexamethasone, ascorbic acid) were purchased from Sigma-Aldrich, MA, USA. 

Otherwise, the product information was descripted in below. CellTiter-Glo (G7570) 

was purchased from Promega, US for ATP activity analysis. Griess reagent was 

purchased, Biotium, CA, USA for NO assay. The cellstain double staining kit (CS01-

10) was taken from Dojindo Molecular Technologies, Japan. ALPase activity 

(ab83369) was tested by Abcam, Alkaline Phosphatase Assay Kit (Colorimetric), USA 
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was obtained from Abcam (ab83369), USA. Ca+2 content kit (DICA 500) was 

purchased from Quanthichrom, Wilhelm-Mauser, Germany. RNAqueous™ Total 

RNA Isolation Kit was purchased from Thermo, USA. MuLV First Strand cDNA 

Synthesis Kit was purchased from Biomatik (Ontario, Canada). 

6.2.2 Cell Culture and Manufacture of 3D SFMs 

 hBMSCs were cultured in Dulbecco’s Modified Eagle media: F12 (DMEM). 

They were grown within 10% fetal bovine serum (FBS), 1% antibiotics (contains 

10,000 units/mL of penicillin and 10,000 μg/mL of streptomycin) under standard 

laboratory conditions (5% CO2, 95% humidity, and 37°C). The medias of cells were 

refreshed every 2 days [64, 269, 303, 304]. When the cells covered the cell culture 

flasks with 90 %, they were incubated for 5 minutes with 0.25% Trypsin-EDTA 

solution to collect them. Then they were seeded for the fabrication of 3D SFMs with 

1x105 number of cells. hBMSC:HUVEC co-culture was constructed with a 1:1 ratio 

in 3D SFMs. For osteogenesis process, basal medium was supplemented with 100 nM 

dexamethasone, 50 µg/mL ascorbic acid, and 10 mM ß-glycerophosphate to prepare 

osteogenic media [305]. To construct 3D SFMs, melted agarose was added into 3D 

petri dish as descripted in previous studies [295, 306]. The agarose gel was incubated 

with osteogenic media for 30 minutes. Then, hBMSC and HUVEC were added to the 

agarose molds. After 1 day, co-culture SFMs were ready for PBM application. 

6.2.3 Light Sources and PBM Applications 

 PBM was performed with 655 nm Diode Laser (Changchum New Industries 

Optoelectronics Tech, China) and 808-nm Diode Laser (Omnibil, Istanbul, Turkey). 

The optical fibers of the laser devices were fixed with an XYZ-platform on an optical 

table to illuminate the cell culture plates perpendicularly. The distances between the 

fiber tip and the target were kept a constant. Each laser irradiated a definite area 

homogenously on cell culture and the applied energy densities were determined by 

changing the exposure durations with a constant output power. The output power was 

set to 0.2 Watt for each light source. 1, 3, and 5 J/cm2 of energy densities were used 

for both wavelengths (Table 6.1). The cells in 3D cell culture models were exposed to 
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light irradiation three times with a 24-hour time interval to perform PBM applications 

in this study. 

Table 6.1: Light Parameters used in PBM Applications. 

 Output 

Power (W) 

Exposure 

Durations 

(s) 

Energy 

Density 

(J/cm2) 

 

655-nm 

diode laser 

 

0.2 

5 1 

14 3 

24 5 

 

808-nm 

diode laser 

 

0.2 

11 1 

33 3 

55 5 

6.2.4 Live and Dead Cell Assay 

 The effect of PBM applications on the cell viability of 3D SFMs, Cellstain 

double staining was used on days 4th,7th,14th and 21st. according to the protocols used 

in previous studies [64, 306]. After the PBM applications, the cell medium was 

removed and the agarose was washed 3 times with PBS. 11 mmol of L Calcein-AM / 

DMSO solution and 1.5 mmol of L Propidium Iodide / purified water solution which 

were prepared in PBS was added onto the agarose of SFMs and incubated for 15 

minutes at 37°C.  Then the agarose was washed 5 times with PBS and the SFMs were 

observed under the fluorescence microscopy (Olympus CKX41, Olympus Co. Ltd., 

Tokyo, Japan). The intensity values of green colors were calculated quantitatively by 

Image-J software as an indication of cell viability. 

6.2.5 Measurements of the Diameters of SFMs 

The micrographs of SFMs were obtained to follow the enlargement of SFMs 

during osteogenic period by using an inverted microscope (Olympus, CKX41, Tokyo, 

Japan) on days 4th, 7th, 14th, and 21st. The diameter measurements were performed as 

described in previous studies [64, 306]. The diameters of the SFMs were measured 
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from 3 different angles with the Image J (NIH) program. The mean values and standard 

deviations of all datas were calculated to analyze the progression of the SFMs after 

PBM applications. 

6.2.6 Analysis of the Intracellular ROS Production 

Light irradiation during PBM applications induces intracellular ROS 

production after the absorption of light energy by cytochrome c oxidase and these 

products have a key role to induce some cellular pathways that result in cell 

proliferation/differentiation [277, 307]. DCFH-DA is a commonly used probe as an 

indicator for ROS, This probe is an indicator for ROS, can pass into the cell, and 

becomes a fluorescent agent (DCF) in the presence of ROS. After PBM applications, 

the mediums of SFMs were removed. Fresh PBS was added. Then, 100 µl of DCFH-

DA solution was added to SFMs. This mixture was incubated at 37°C for 45 minutes 

in the dark. Then, the excess DCFH-DA that did not enter into the cells was washed 

with PBS twice. After washing steps, the amount of ROS formed in the cells was 

determined by measuring the fluorescence intensity with an excitation wavelength of 

485 nm and an emission wavelength of 535 nm using a microplate reader (Synergy™ 

HTX Multi-Mode Microplate Reader, BioTek, Winooski, VT, USA). 

6.2.7 ATP Production Assay 

Another important outcome of PBM is an increase in ATP production [254]. 

Briefly, the ATP levels of 3D SFMs were measured 30 minutes after light applications. 

50 μL of CellTiter-Glo was added into the mediums of 3D SFMs. The mixtures were 

incubated in a shaker for 2 minutes at room temperature. Then, it was further incubated 

for 10 minutes at room temperature to stabilize the luminescent dye. The luminescence 

value was read with the microplate reader. 

6.2.8 Analysis of the NO Release 

 PBM also induces the release of NO molecules that are bound to mitochondria 

[281]. The amount of NO released after PBM was measured by Griess reagent as 

described in literature [253]. An hour after the applications were completed, the equal 

volume of Griess reagent and the cell medium of each sample were mixed. They were 
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incubated for 30 minutes at room temperature. The amount of released NO in each 

sample was determined by measuring the absorbance at 548 nm of wavelength with 

the multimode reader. The NO levels of the experimental groups were normalized with 

the data of the control group.   

6.2.9 DNA Quantification  

The effect of PBM applications on SFMs was also evaluated with the DNA 

quantification on days 4th, 7th, 14th, and 21st. Briefly, SFMs were washed with cold 

PBS at first. Afterwards, SFMs were centrifuged at 4500 rpm for 15 min in PBS. The 

SFMs were lysed using a tissue shredder stick and then treated with 10 mM Tris and 

0.2% Triton. 50 µl lysed samples and 150 bisbenzimide H 33258 were mixed for DNA 

quantification. After 4 minutes of incubation, fluorescent intensity was measured with 

the excitation wavelength of 360 nm and the emission wavelength of 460 nm for the 

determination of DNA quantity by multimode plate reader. 

6.2.10 Analysis of ALPase Activity 

The amount of ALPase, which plays an active role in osteogenesis [199], was 

measured on days 4th, 7th, 14th, and 21st. and then compared to experimental groups to 

observe the effect of PBM applications on ALPase activity. Briefly, 50 µL of Assay 

Buffer was used to homogenize the SFMs on ice, the mixture was centrifuged at 4500 

rpm 4°C for 15 minutes. Then, the supernatant was mixed with 50 µl of pNPP solution 

and 10 µL of ALP enzyme. After incubation at 25°C for 60 minutes, 20 µL of stop 

solution was added to the mixture and absorbance was measured at 405 nm by 

multimode plate reader. 

6.2.11 Calcium Quantification 

In order to analyze the mineralization observed in the advanced stages of 

osteogenesis, the amount of Ca+2 was determined in each experimental group on days 

4th, 7th, 14th , and 21st. Ca+2 determination was carried out as previous studies [305, 

308]. Briefly, equal amounts of reagent A and B of Quanthichrom Calcium Kit were 

mixed. After the lysis of SFMs, 50 µl of samples were added to the mixture of reagents 

A and B. Then, the mixture was transferred into the wells of 96-well plate and 
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incubated for 3 minutes at room temperature. The absorbance was measured at 612 nm 

by multimode plate reader. 

6.2.12 qRT-PCR Analysis for the Gene Expressions of Osteogenic Bone Markers 

The gene expressions of osteogenic bone markers were evaluated using 

quantitative real time PCR (qRT-PCR) analysis on days 4th, 7th, 14th , and 21st as shown 

in previous studies [64, 295]. Briefly, SFMs were lysed by tissue shredder stick. Total 

RNA of SFMs was purified by RNA isolation kit and then cDNA was synthesized by 

using random primers in buffer solution with Taq polymerase enzyme. qRT-PCR 

analysis was performed by using StepOne Plus Real-Time PCR System (Applied 

Biosystems, Foster City, USA). Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used as a housekeeping gene and compared with osteogenic markers 

which were Alkaline Phosphatase (ALP), Collagen, and Osteopontin (OPN). mRNA 

levels of osteogenic markers were evaluated according to the 2-(ΔΔCt) method. The 

forward and the reverse sequences of osteogenic primers and housekeeping gene were 

given in Table 6.2 [305, 309]. 

Table 6.2: The forward (F) and reverse (R) sequences of the osteogenic markers used 

in qRT-PCR analysis. 

GENE Sequences 

GAPDH 
R: AACAGCGACACCCACTCCTC 

F: CATACCAGGAAATGAGCTTGACAA 

Osteopontin 

(OPN) 

R: ATGAGATTGGCAGTGATT 

F: TTCAATCAGAAACTGGAA 

Alkalin 

Phosphatase 

(ALP) 

R: ACATTCCCACGTCTTCACATTT 

F: AGACATTCTCTCGTTCACCGCC 
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Collagen 

Type I 

R: TGACGAGACCAAGAACTG 

F: TCAGCCTTAGACGCCTCAAT 

6.2.13 Temperature Measurements during Light Irradiations 

 Even though PBM is defined as non-thermal light therapy [253], the absorption 

of near-infrared wavelengths may increase the temperature of the target during light 

applications and it may cause irreversible damage [310]. Thus, the temperature 

changes should be monitored especially during the light applications at near-infrared 

wavelengths. Temperature measurements were carried out simultaneously with the 

laser irradiations during PBM applications with a thermal camera (Testo 882, Melrose, 

USA) on 3D SFMs. The photothermal effect due to the temperature increase at the end 

of the light applications (t1) was analyzed by making comparison with the initial 

temperature (t0) measured before the applications (Δt=t1-t0). 

6.2.14 Statistical Analysis 

All experiments were performed with three samples and repeated at least three 

times. Averages of all datas and standard errors were calculated. Statistical analysis of 

one independent variable (ATP, ROS and NO) assays were assessed through one-way 

ANOVA, followed by Tukey’s post hoc test (GraphPad Prism 6, San Diego, CA, 

USA). Control group values were estimated as 100% and experimental groups were 

evaluated by comparing them with the data of the control group. The other assays were 

analyzed with two-way ANOVA, followed by Tukey’s Post hoc test. Significant 

differences between the experimental and control groups were determined as 

p* < 0.05, p** < 0.01, p ***< 0.001. 

6.3 Results 

6.3.1 Measurements of the Diameters of SFMs 

The images of all SFMs were obtained on days 4, 7, 14, and 21 as presented in 

Figure 6.2 for the PBM applications at 655 nm and Figure 6.3 at 808 nm of 
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wavelengths. On 14th day, cell scattering occurred around the SFMs. On 21st day, all 

SFMs preserved their form and no deterioration was observed in their structures.  

 

Figure 6.2: Microscopic images of tissue-engineered SFMs treated with 655-nm of 

wavelength on days 4, 7, 14, and 21 (Energy densities: 1, 3, and 5 J/cm2). Scale bar 

100 µm. 

 

Figure 6.3: Microscopic images of tissue-engineered SFMs treated with 808-nm of 

wavelength on days 4, 7, 14, and 21 (Energy densities: 1, 3, and 5 J/cm2). Scale bar 

100 µm. 
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The diameters were measured on days 4, 7, 14, and 21 as shown in Figure 6.4. 

For 655-nm of wavelength at each energy density, the diameters of SFMs did not 

exhibit any statistically significant difference compared to control group on day 4. 

Nevertheless, 808 nm wavelength at 1 J/cm2 and 5 J/cm2 energy densities started to 

provide a statistically significant difference in SFM diameters compared to control on 

day 4. 808-nm of wavelength at the same energy densities maintained the similar 

outcome on 7th day, too.  

 

Figure 6.4: Diameter measurements of SFMs for (A) PBM applications at 655 nm of 

wavelength, (B) PBM applications at 808 nm of wavelength on days 4, 7, 14, and 21 

(Energy densities: 1, 3, and 5 J/cm2). Each column represented the average of the 

diameters ± SD. Statistically significant differences were determined by two-way 

ANOVA followed by Tukey’s post hoc test (* for p< 0.05, ** for p< 0.01, *** for 

p< 0.001). 

The diameters of SFM in control, 1, 3, and 5 J/cm2 groups of the 655 nm of 

wavelength were measured as 523±1, 715±6 (p***<0.001), 491±17, and 609±14 

(p***<0.001) µm on the 21st day, respectively. The diameters of SFM in control, 1, 3, 

and 5 J/cm2 groups of the 808 nm of wavelength were 523±1, 621±5 (p***<0.001), 

563±10, and 617±9 (p***<0.001) µm, respectively. The most effective energy 

densities of both wavelengths on the enlargement of SFM diameters were observed as 

1 and 5 J/cm2 when compared to the control group.  
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6.3.2 Cell Viability Analysis of SFMs 

Cell viability in SFMs was analyzed on 4th, 7th, 14th, and 21st days to evaluate 

the effects of PBM. Obtained microscopic images were presented in Figure 6.5 and 

Figure 6.6 for the PBM applications at 655 nm and 808 nm of wavelengths, 

respectively.  

 

Figure 6.5: Cell viability images of SFMs treated with PBM applications at 655-nm 

of wavelength on days 4, 7, 14, and 21 (Energy densities: 1, 3, and 5 J/cm2). Scale 

bar 100 µm. 
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Figure 6.6: Cell viability images of SFMs treated with PBM applications at 808-nm 

of wavelength on days 4, 7, 14, and 21 (Energy densities: 1, 3, and 5 J/cm2). Scale 

bar 100 µm. 

Cell viability analyses were performed according to green color intensity as 

presented in Figure 6.7. Every SFM group had viable cells in all time points. The green 

color intensity of the control group was considered as 100 %. Then, the intensities of 

the other SFMs were calculated with respect to control. 
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Figure 6.7: Percentage Cell Viability depending on the green intensity measurements 

in SFMs for (A) PBM applications at 655 nm of wavelength, (B) PBM applications 

at 808 nm of wavelength on days 4, 7, 14, and 21 (Energy densities: 1, 3, and 5 

J/cm2). Each column represented the average of the cell viability percentages ± SD. 

Statistically significant differences were determined by two-way ANOVA followed 

by Tukey’s post hoc test (* for p< 0.05, ** for p< 0.01, *** for p< 0.001). 

On the 4th day, the viability values of the control, 1, 3, and 5 J/cm2 groups of 

the PBM applications at 655 nm of wavelength were measured as 100±3, 107±2, 

111±2, and 128±8 (p*<0.05) %, respectively. On the 21st day, they were 155±6, 

213±10 (p***<0.001), 181±2 (p*<0.05), and 225±3 % (p***<0.001). The cell 

viability in all SFMs increased day by day and the highest increase was obtained in 5 

J/cm2 group at this wavelength. In addition, there was no significant difference 

between the 1 and 5 J/cm2 groups, even on the 21st day. When the green colour 

intensity was measured in SFMs treated with 808 nm of wavelength on the 4th day, the 

values of control, 1, 3, and 5 J/cm2 groups were calculated as 100±3, 180±6 

(p***<0.001), 125±2 (p*<0.05), and 159±6 % (p***<0.001), respectively. 

Additionally, on the 21st day the values were 155±6, 208±4 (p***<0.001), 189±1 

(p***<0.001), and 214±4 (p***<0.001) %, respectively. The highest increase in cell 

viability was initially observed in 1 J/cm2 group at 808-nm of wavelength. Then the 

value of 5 J/cm2 group approached to the value of 1 J/cm2 group on 21st day. 
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6.3.3 Intracellular ROS Production  

The amount of intracellular ROS produced in 3D SFMs after light irradiations 

were presented in Figure 6.8. As it was shown, 1 J/cm2 energy density produced the 

highest amount of intracellular ROS than the other experimental groups did. The 

intracellular ROS production in 1 J/cm2 group at 655- nm of wavelength was measured 

as 226±13 % (p***<0.001). 5 J/cm2 energy density was also quite successful, but not 

as much as 1 J/cm2 group. However, PBM applied with 808 nm of wavelength showed 

that the efficiency of 1 and 5 J/cm2 energy densities exhibited a similar outcome in 

terms of intracellular ROS production and the amount in SFMs were measured as 

167±14 % (p***<0.001). 

 

Figure 6.8: Intracellular ROS Production for PBM applications at 655 and 808 nm of 

wavelength (Energy densities: 1, 3, and 5 J/cm2). Each column represented the 

average of the normalized ROS levels with respect to control ± SD. Statistically 

significant differences were determined by one-way ANOVA followed by Tukey’s 

post hoc test (* for p< 0.05, *** for p< 0.001). 

6.3.4 ATP Production 

The level of ATP productions in the control, 1, 3, and 5 J/cm2 groups at 655 

nm of wavelength were measured as 100±8, 95±6, 67±8 (p*<0.05), and 129±10 

(p*<0.05) % in 3D SFMs, respectively. For 808 nm of wavelength, the percentages 
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for each group were determined as 100±8 for control, 106±6 for 1 J/cm2, 127±17 

(p*<0.05) for 3 J/cm2, and 144±7 % (p**<0.01) for 5 J/cm2. The highest ATP 

productions were obtained in the 5 J/cm2 groups for both wavelengths (Figure 6.9).  

  

Figure 6.9: Adenosine Tri-Phosphate (ATP) Production for PBM applications at 655 

and 808 nm of wavelength (Energy densities: 1, 3, and 5 J/cm2). Each column 

represented the average of the normalized ATP levels with respect to control ± SD. 

Statistically significant differences were determined by one-way ANOVA followed 

by Tukey’s post hoc test (* for p< 0.05, ** for p< 0.01, *** for p< 0.001). 

6.3.5 NO Release 

The outcome of the analysis for the determination of NO release via Griess 

reagent was shown in Figure 6.10. The highest amount of NO release was observed in 

3 J/cm2 group of 655 nm of wavelengths and 5 J/cm2 group of 808 nm of wavelength. 

They were significantly different compared to the control group. The other 

experimental groups of each wavelength exhibited similar results as the control group. 



100 

 

 

Figure 6.10: Nitric Oxide (NO) Release for PBM applications at 655 and 808 nm of 

wavelength (Energy densities: 1, 3, and 5 J/cm2). Each column represented the 

average of the normalized NO levels with respect to control ± SD. Statistically 

significant differences were determined by one-way ANOVA followed by Tukey’s 

post hoc test (* for p< 0.05, ** for p< 0.01). 

6.3.6 DNA Quantification  

The analysis of DNA Quantification was performed on days 4th, 7th, 14th, and 

21st as shown in Figure 6.11. For PBM applications at 655 nm of wavelength, 5 J/cm2 

energy density enhanced DNA content day by day most remarkably. It was measured 

as 665.19±0.8 ng/ml at the end of the last time point and was significantly different 

compared to the control and other experimental groups (p***<0,001). For PBM 

applications at 808 nm of wavelength, the measured DNA amounts of all groups 

increased day by day, too. The DNA content in control, 1, 3, and 5 J/cm2 groups were 

measured as 533.52±8.43, 603.91±14.49, 618.20±25.37, and 603.72±9.99 ng/ml on 

day 21, respectively. All energy densities at this wavelength resulted in significantly 

different outcomes compared to control group, (p***<0,001). However, they were not 

significantly different from each other. 
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Figure 6.11: DNA Content Analysis for PBM applications at (A) 655 nm of 

wavelength, (B) 808 nm of wavelength (Energy densities: 1, 3, and 5 J/cm2). Each 

column represented the average of the DNA amount ± SD. Statistically significant 

differences were determined by two-way ANOVA followed by Tukey’s post hoc test 

(* for p< 0.05, ** for p< 0.01, *** for p< 0.001). 

6.3.7 ALPase Activity  

ALPase activity was measured on days 4th, 7th, 14th , and 21st for PBM 

applications at 655 nm and 808 nm of wavelengths and their results were presented in 

Figure 6.12. The ALPase measurements were normalized with the DNA content. All 

energy densities at both wavelengths enhanced the ALPase activity, especially on day 

14. The ALPase levels of the control, 1, 3, and 5 J/cm2 groups of the 655 nm of 

wavelengths were determined as 3497±39, 3763±19 (p*<0,05), 3572±51, and 

3432±13 IU/ng DNA, respectively. The ALPase levels of the control, 1, 3, and 5 J/cm2 

groups of the 808 nm of wavelengths were determined as 3497±39, 3512±9, 3535±58, 

and 3816±25 (p**<0,01) IU/ng DNA, respectively. 1 J/cm2 energy density of 655 nm 

of wavelength and 5 J/cm2 energy density of 808 nm of wavelength induced the highest 

ALPase level. The ALPase levels of all experimental groups decreased on day 21. 
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Figure 6.12: ALP activity measurements for PBM applications at (A) 655 nm of 

wavelength, (B) 808 nm of wavelength (Energy densities: 1, 3, and 5 J/cm2). Each 

column represented the average of the ALPase amount ± SD. Statistically significant 

differences were determined by two-way ANOVA followed by Tukey’s post hoc test 

(* for p< 0.05, ** for p< 0.01). 

6.3.8 Mineralization of SFMs  

The calcium amount which was normalized by the DNA content was shown in 

Figure 6.13 for 655 nm and 808 nm of wavelengths. The measured calcium amounts 

of the control, 1, 3, and 5 J/cm2 groups of 655 nm of wavelength were 2946±96, 

5168±232 (p***<0.001), 4655±188 (p***<0.001), and 4224±229 (p***<0.001) ng/ng 

DNA on day 21, respectively. The values of the control, 1, 3, and 5 J/cm2 groups of 

808 nm of wavelength were 2946±96, 3662±106 (p*<0.05), 4114±354 (p***<0.001), 

and 4700±12 (p***<0.001) ng/ng DNA on day 21, respectively. It was observed that 

1 J/cm2 energy density at 655 nm of wavelength and 5 J/cm2 energy density at 808 nm 

of wavelength provided more calcium deposition than control and 3 J/cm2 groups did 

on 21st day. 
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Figure 6.13: Analysis of Mineralization for PBM applications at (A) 655 nm of 

wavelength, (B) 808 nm of wavelength (Energy densities: 1, 3, and 5 J/cm2). Each 

column represented the average of the calcium content ± SD. Statistically significant 

differences were determined by two-way ANOVA followed by Tukey’s post hoc test 

(* for p< 0.05, ** for p< 0.01, *** for p< 0.001). 

6.3.9 Relative Gene Expression Profiles of SFMs 

The fold change in the mRNA level of ALP, Collagen (Col) and Osteopontin 

(OPN) genes in the control, 1, 3, and 5 J/cm2 groups were represented in Figure 6.14 

for 655 nm of wavelength and Figure 6.15 for 808 nm of wavelength. All energy 

densities at both wavelengths expressed a significant amount of ALP on the 4th, 7th, 

and 14th days compared to the control. The fold changes in the relative ALP gene 

expression of the control, 1, 3, and 5 J/cm2 groups treated with 655 nm of wavelength 

were 1.00±0.00, 175.18±25.49 (p***<0.001), 68.52±24.00, and 175.29±38.81 

(p***<0.001) on day 7, respectively. Additionally, on the 14th day, the gene expression 

levels of the same energy densities with same wavelength became 1.00±0.00, 

212.02±25.36 (p***<0.001), 51.50±4.88, and 35.86±0.91, respectively. The highest 

ALP gene expression was observed with the PBM application at 655 nm of wavelength 

and 1 J/cm2 energy density was the most successful application to induce it on day 14. 

The highest fold change of the relative Col gene expression was obtained in PBM 

applications applied with 1 J/cm2 energy density of 655-nm of wavelength. The 
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changes for 1 J/cm2 energy density on days 4th, 7th, 14th, and 21st were calculated as 

39.37±3.68 (p***<0.001), 47.50±2.24 (p***<0.001), 62.71±9.04 (p***<0.001), and 

53.72±2.82 (p***<0.001), respectively. The fold changes of the relative OPN gene 

expression of the control, 1, 3, and 5 J/cm2 groups treated with 655 nm of wavelength 

were 1.00±0.00, 53.72±2.82 (p***<0.001), 0.64±0.07, and 0.45±0.05 on day 21, 

respectively. The highest expression level was obtained with 1 J/cm2 energy density 

among all experimental groups, especially on day 21. 

 

Figure 6.14: Relative gene expression analysis of osteogenic markers for PBM 

applications at 655 nm of wavelength (A) ALP, (B) Collagen, (C) Osteocalcin 

(Energy densities: 1, 3, and 5 J/cm2). Each column represented the average of the 

relative gene expression normalized with the data of the control group ± SD. 

Statistically significant differences were determined by two-way ANOVA followed 

by Tukey’s post hoc test (* for p< 0.05, ** for p< 0.01, *** for p< 0.001). 

When the effect of PBM applications at 808 nm of wavelength was evaluated, 

the relative gene expression levels of ALP, Col and OPN which were shown in Figure 

6.15 were obtained. ALP expression levels in control, 1, 3, and 5 J/cm2 groups were 

found as 1.00±0.00, 60.31±14.58 (p**<0.01), 44.77±15.52 (p***<0.001), and 

80.86±19.73 (p***<0.001) on the 7th day, while they were 1.00±0.00, 0.02±0.01, 

0.17±0.02, and 144.39±2.61 (p***<0.001) on the 14th day, respectively. The 5 J/cm2 

group expressed higher ALP gene than the other groups on 4th, 7th and 14th days. 

Especially, on the 14th day, 5 J/cm2 group showed the highest ALP gene expression 

rate, again. Collagen was specifically expressed in the 5 J/cm2 energy density of 808 

nm at each time point. Col mRNA fold changes of 5 J/cm2 were calculated as 5.02± 

2.71 (p***<0.001), 9.08±1.15 (p***<0.001), 2.45±0,71 (p***<0.001), and 1.79±0.23 
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(p***<0.001) on day 4, 7, 14 and 21, respectively. 5 J/cm2 group of 808 nm expressed 

OPN gene with the highest rate among all experimental groups. The relative gene 

expression levels of OPN in the control, 1, 3, and 5 J/cm2 at 808 nm of wavelength 

were observed as 1.00±0.00, 0.43±0.06, 0.05±0.00, and 118.68±12.56 (p***<0.001) 

on day 21, respectively. 

 

Figure 6.15: Relative gene expression analysis of osteogenic markers for PBM 

applications at 808 nm of wavelength (A) ALP, (B) Collagen, (C) Osteocalcin 

(Energy densities: 1, 3, and 5 J/cm2). Each column represented the average of the 

relative gene expression normalized with the data of the control group ± SD. 

Statistically significant differences were determined by two-way ANOVA followed 

by Tukey’s post hoc test (* for p< 0.05, ** for p< 0.01, *** for p< 0.001). 

6.3.10 Temperature Changes during Light Irradiation 

In order to observe the photothermal effect of light applications on 3D SFMs, 

especially because of the near-infrared light, the temperature values of SFMs were 

measured with a thermal camera (Testo 882, Melrose, USA) before, and at the end of 

the light applications. Δt was calculated by subtracting the first temperature 

measurement from the last temperature measurement (Δt=tfinal-tinitial). The results were 

given in Table 6.3. Δt values increased, as the energy densities increased for each 

wavelength. The highest temperature change (0.7 oC) was observed in 5 J/cm2 energy 

density group at 808 nm of wavelength as expected. Nevertheless, these changes were 

quite low not capable to induce any phototermal effect on SFMs. 
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Table 6.3: Thermal Measurements of 3D SFMs Application. 

Temperature Measurements 

Wavelengths 

Energy 

Density 

(J/cm2) 

Initial 

Temperature 

(˚C) 

Final 

Temperature 

(˚C) 

Δt 

(˚C) 

655 nm 

1  24.9 25.1 0.2 

3 24.6 24.9 0.3 

5 24.9 25.4 0.5 

808 nm 

1 25.5 25.7 0.2 

3 25 25.3 0.3 

5 25.2 25.9 0.7 

6.4 Discussions 

 It was previously reported that PBM can be an alternative strategy to support the 

regeneration of bone tissue [239, 242]. However, the tricky point is that the light 

parameters of PBM should be appropriately determined for in vivo systems to get more 

reliable approaches for the implementation of this therapy into the clinics. Mostly, the 

regeneration capacity of the tissue depends on those parameters [242]. It is well known 

that the cellular responses of 3D systems have similar tendency to the responses of in 

vivo systems [295]. Therefore, the determination of the cellular responses of 3D SFMs 

to PBM is important to clarify the molecular mechanism induced by PBM for bone 

tissue regeneration. Thus, the effects of 1, 3, and 5 J/cm2 energy densities at 655 nm 

and 808 nm of wavelengths were investigated on 3D SFMs fabricated by the co-culture 

of hBMSC and HUVEC. After all light treatments at these energy densities and 

wavelengths, it has observed that all SFMs were successfully formed from day 1, 

including the control group. In previous studies, it has been shown that the diameters 

of SFMs correlate to the proliferation capabilities of the cells in SFMs [64, 296, 306]. 

The highest SFM diameters were achieved at 1 and 5 J/cm2 energy densities of 655 nm 

or wavelength and 5 J/cm2 energy density of 808 nm of wavelength. 3 J/cm2 energy 



107 

 

density of each wavelength was not as successful as the other energy densities and it 

exhibited similar outcome as observed in the control group. The SFMs of 1 and 5 J/cm2 

energy densities were more viable than control groups. Similarly, 1 and 5 J/cm2 energy 

densities at 655 nm and 808 nm of wavelengths significantly increased the cell 

viability of fibroblasts and keratinocytes in previous studies [269, 311]. It has been 

already indicated that PBM applications especially at red and near-infrared 

wavelengths enhanced the proliferation and the metabolic activity of different cell 

types that conforms our results, too [281, 293, 312].   

PBM is defined as a non-thermal therapy that stimulates various cellular 

mechanisms related to the production of intracellular ROS and ATP, NO release, etc. 

Optimal dosimetry at specific wavelengths gives better results [130, 242, 284]. 

Depending on the nature of biphasic dose response of cells/tissues, wrong intensities 

may result in thermal side effects [284]. Thus, temperature changes during applications 

should be monitored and possible thermal reactions should be prevented, especially 

with light irradiations at near-infrared wavelengths. In this study, temperature changes 

were monitored during any light irradiation. It was observed that increase in exposure 

duration causes an increase in temperature of the SFMs. As expected, the highest 

temperature increase was obtained with light application of 5 J/cm2 at 808-nm of 

wavelength. Nevertheless, it was only 0.7oC change and quite negligible. Therefore, it 

can safely be expressed that PBM applications in this study did not show any thermal 

effect on SFMs and the mechanism to induce osteogenesis mainly depended on the 

intracellular ROS, ATP production, and NO release [141, 285]. Thus, the roles of those 

molecules in SFMs were evaluated in each group and it was found out that especially 

1 and 5 J/cm2 energy densities created a statistically significant increase in the 

intracellular ROS production. Previous studies which also used similar energy 

densities at 677 nm and 830 nm of wavelength provided the same outcome in terms of 

ROS production [313, 314]. 3D SFMs mimic the in vivo system in terms of sensitivity 

to the outer influences to trigger the signal molecules [315], so the produced 

intracellular ROS level may have key role in the action mechanism of PBM during the 

osteogenesis. 
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 Beside the production of intracellular ROS, a significant increase in ATP 

synthesis was observed, too. Especially 5 J/cm2 energy density for both wavelengths 

triggered the most remarkable ATP production in SFMs. As stated in the literature, the 

production of ATP and ROS molecules is involved in the basic mechanism of PBM 

[254, 307, 310]. It has also been determined that 1 J/cm2 energy density at 670 nm of 

wavelength was effective in the ATP production mechanism in previous study [316]. 

Abdalla et al. reported that 5 J/cm2 energy density at 632.8 nm and 635 nm of 

wavelength increased ATP production by a rate of 70% [317]. Thus, it can be said that 

the results of ATP analysis in this study were consistent with the previous studies. NO 

release is another important change during PBM applications [254]. Moriyama et al. 

observed in their study that 655 nm of wavelength promoted NO release [318]. 

Although 1 and 5 J/cm2 energy densities at 655 nm of wavelength triggered 

approximately 30% more NO release than the control, there were no significant 

differences between them. Interestingly, 3 J/cm2 energy density at 655 nm of 

wavelength induced a significant amount of NO release which was not observed in 

other analysis at this energy density. However, in the light applications at 808-nm of 

wavelength, 5 J/cm2 energy density stimulated more NO release just as it did in ROS 

and ATP production. Clearly, it can be said for this study that mainly similar energy 

densities in different analysis became responsible for stimulating the ROS and ATP 

production or NO release in significant amounts in terms of cell viability and 

mechanistic analysis. Each result obtained from different analysis confirms the others 

which make easy to determine the optimum energy density of PBM at red and near-

infrared wavelengths on SFMs. 

 DNA contents in SFMs of all groups were evaluated and an increase was 

observed day by day. In particular, the energy density of 5 J/cm2 at 655 nm of 

wavelength was the group with the highest number of DNA until the 21st day. For 808 

nm of wavelength, all energy densities showed higher DNA content than control 

group. Similar to cell viability results, DNA amounts in all experimental groups were 

higher than in the control group.  

ALP is important marker that is especially expressed in early osteogenesis. In 

the literature, it was stated that ALP reaches its highest level until the 14th day of 
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osteogenesis and a quantitative decrease occurs on 21st day [242]. In this study, all 

groups expressed a significant amount of ALP on day 14. Similar to the previous 

analysis, 1 J/cm2 at 655 nm of wavelength and 5 J/cm2 of 808 nm of wavelength were 

the applications that induced the highest ALP expression. The expression rate of ALP 

at an early time point of osteogenesis showed that those groups had higher osteogenic 

differentiation capacity than other experimental groups. 

 Calcium ions, which are in the content of the bone tissue, play an important role 

in the cell proliferation [287] and the formation of a new bone tissue, which normally 

begin to be stored after the 15th day [242]. Studies in the literature clearly stated that 

PBM is effective in bone healing, cell proliferation, differentiation, collagen 

deposition, and calcium storage [242, 287, 291]. Calcium deposition promotes the 

maturation of osteoblast cells, so bone regeneration is accomplished [319]. While the 

1 J/cm2 group at the 655 nm of wavelength had the highest calcium content, the 5 J/cm2 

group at the 808 nm of wavelength had the highest calcium content. Again, similar 

intensities of those two different wavelengths properly deposited the calcium during 

osteogenesis of SFMs in this study. 

To confirm the analysis of ALP enzyme activity analysis and osteogenesis 

induced by PBM, the relative gene expression levels of ALP, Collagen and osteopontin 

genes were examined by qRT-PCR analysis. The highest mRNA level of ALP was 

observed in 1 J/cm2 group for the 655 nm of wavelength. Additionally, 5 J/cm2 group 

for 808 nm of wavelength was also expressed the highest mRNA level of ALP on day 

14. Both ALPase activity and the relative mRNA ALP level analysis confirmed each 

other. At the last time point of osteogenesis, all mRNA levels of ALP decreased on 

day 21. These outcomes were parallel to natural behaviours of ALP expression during 

osteogenesis [242, 305]. Collagen, one of the most important components of bone, 

contributes to the bone shape by providing mechanical support in the tissue [320]. 

Collagen creates the specific microenvironment for bone cells and increases the 

capacity of the cells to multiply, migrate, and differentiate [321]. In the PBM 

applications, 1 J/cm2 energy density at 655 nm of wavelength expressed the highest 

collagen level in all time intervals. On the other hand, 5 J/cm2 energy density at 808 

nm of wavelength exhibited the highest collagen expression in all time intervals, too. 
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Osteopontin is a special protein that regulates the cells, takes part in mineralization, 

and has a very important role in osteogenesis [322]. It contributes to the formation of 

bone shape and the supports osteogenesis by holding the hydroxy hepatitis crystals in 

the bone structure. In the late stages of osteogenesis, it is expressed at the highest level 

and initiates mineralization [305, 322]. The osteopontin expression level induced by 1 

J/cm2 energy density at 655 nm of wavelength and 5 J/cm2 energy density at 808 nm 

of wavelength were higher than the control group on the 4th, 7th, and 14th days of PBM 

application. In previous studies, it has been already indicated that PBM at 660 nm and 

808 nm wavelengths may induce osteopontin expression [323]. The calcium content 

analysis showed that 1 J/cm2 energy density at 655 nm of wavelength started the 

mineralization process and the highest calcium deposition rate was obtained in this 

group at 655 nm of wavelength was the highest deposition rate which correlated with 

the osteopontin expression level at 655 nm of wavelength. Moreover, 5 J/cm2 energy 

density at 808 nm of wavelength expressed the osteopontin gene higher than the other 

groups at this wavelength on day 21. Again, the results of calcium deposition analysis 

supported the osteopontin gene expression rate obtained by qRT-PCR at the same 

energy density at 808 nm of wavelength. 

As a result, energy densities of 1 J/cm2 at 655 nm of wavelength and 5 J/cm2 

at 808 nm of wavelengths provided the most effective PBM not only for the production 

of intracellular ROS, ATP, and NO release but also for the ALPase activity, calcium 

deposition, and the gene expression levels of ALP, osteopontin, and collagen. Besides, 

all of these results were confirmed by the increase in cell viability and SFMs diameter. 

Thus, it can be concluded that 1 J/cm2 energy density at 655 nm of wavelength and 5 

J/cm2 energy density at 808 nm of wavelength were the most effective energy densities 

to induce osteogenesis in microtissues and they may have the capacity to induce the 

similar mechanisms in vivo systems. 

6.5 Conclusions 

In conclusion, it was clearly stated that PBM enhanced osteogenesis in the 3D 

cell culture model. Intracellular ROS, ATP, and NO molecules play key roles in the 

proliferation, viability, and osteogenic differentiation of SFMs as expected. The 
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changes in their levels after PBM applications were quite remarkable and depended on 

light parameters. Thus, this study proved the importance of light dosimetry in all 

biological processes once again and the physiological processes obtained with 

different parameters were consistent with the changes in the level of intracellular ROS, 

ATP, and NO molecules. Finally, it can be said that 1 J/cm2 energy density at 655 nm 

of wavelength and 5 J/cm2 energy density at 808 nm of wavelength were the most 

successful light parameters for the osteogenic differentiation in SFMs and they can be 

promising parameters for bone tissue engineering strategies. 
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Chapter 7 

7. The Combination of Integrin 

Binding Peptide and 

Photobiomodulation Therapy to 

Improve Regeneration of Bone Like 

Microtissues 

7.1 Introduction 

Bone tissue engineering (BTE) targets to induce osteogenic differentiation by 

using biomaterials, stem cells, and different strategies including regenerative 

properties. Successful material fabrication for BTE is required an understanding of the 

composition and complex structure of native bone tissue, as well as an appropriate 

selection of biomimetic natural materials [324]. One of the bone mimetic peptides is 

tripeptide arginine-glycine-aspartic acid (RGD) which is found in structures of 

extracellular matrix (ECM) proteins such as fibronectin, laminin, collagen, and 

osteopontin [64, 325]. RGD is located on bone matrix proteins as integrin-binding site 

[102, 186]. Moreover, the RGD sequence of the adhesive proteins is distinguished by 

at least one member of structurally related receptors such as integrins [102, 325]. The 

structure of RGD in individual proteins may be a target for improvements of bone 

regeneration [102]. Integrin and RGD association triggers cell proliferation, adhesion, 

migration, osteogenic differentiation, and mineralization [325, 326]. Researches about 

RGD sequence gain a trend between researchers because of closely interaction of RGD 

in cell membrane. The combination of RGD peptide and different therapeutic strategy 

can improve quality of regeneration compared with only peptide therapy in BTE [327-
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329]. The association of peptide therapy and phototherapy supported metabolic 

activity of cells [330]. RGD and light therapy at near infrared of wavelength were 

successfully combined to control tumor microenvironment [331]. Nanoparticles with 

RGD peptide and photothermal therapy produced oxygen species [332]. Moreover, 

peptide and phototherapy combination promoted therapeutic efficacy [333, 334]. 

Thus, it is possible to improve effectiveness of peptide therapy for osteogenic 

differentiation.  

Light therapy is one of the therapeutic approach which is useful strategy to 

promote osteogenic differentiation [135]. The red and near-infrared spectrums of 

wavelength which are used in Low Level Laser Therapy (LLLT) or 

Photobiomodulation (PBM) directly induce chromophore molecule which is 

cytochrome c oxidase (CCO) in mitochondria of cells [134, 135]. Photon gradient is 

occurred in mitochondria by CCO which triggers promotion of ROS, ATP and NO 

releasing via the induction of mechanism of PBM. The signal molecules promote DNA 

duplication, adhesion, migration and differentiation [335-338]. Moreover, the signals 

support osteogenic gene and protein expressions [337, 339]. Particularly, from 1 J/cm2 

to 20 J/cm2 energy densities at the 600-1200 nm ranges of wavelength, can be absorbed 

by mitochondria, trigger stem cells for proliferation and differentiation [340, 341]. 

However, traditional BTE techniques may not be sufficient to analyze efficacy of light 

therapy because of their non-sensitive features in terms of limited tissue depth [342, 

343]. However, Scaffold Free Microtissues (SFMs) present more natural 3 

Dimensional (3D) microenvironment of cells to analyze penetration and efficacy of 

wavelength [63, 64]. In addition, 3D SFMs present more complex shape and condition 

to evaluate stem cell behaviours [344, 345]. Moreover, 3D SFMs support closely cell 

to cell interaction [63, 345, 346] so stem cells may sense and constitute their natural 

cellular relations [347, 348]. The coculture of Human Bone Marrow Stem Cells 

(hBMSC) and Human Umbilical Vein Endothelial Cells (HUVEC) may form bone 

like structure by supporting the proliferation of each other during the bone healing and 

bone formation [349, 350]. 

The study aimed to investigate the effects of RGD peptide and 1 J/m2 energy 

density at 655 nm of wavelength and RGD peptide and 5 J/cm2 energy density at 808 
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nm of wavelength on hBMSC:HUVEC SFMs coculture during bone regeneration (as 

shown in Figure 7.1).  

 

Figure 7.1: The combination of RGD and PBM therapy on bone like SFMs. (Created 

with BioRender.com) 

7.2 Materials and Methods 

7.2.1 Materials 

All chemicals of peptide synthesis were taken from AAPPTEC (Louisville, 

KY, USA). hBMSC (300665-102) were purchased from, CLS Company, Germany. 

HUVECs were supported by the Department of Bioengineering, Ege University. All 

cell culture products (DMEM:F12 with L-Glutamine, Penicillin Streptomycin, 2′,7′-

dichlorofluorescein diacetate (DCFH-DA), amphotericin, gentamycin, FBS, B-

glycerophosphate, dexamethasone, and ascorbic acid) were taken from Sigma-Aldrich, 

MA, USA. The others were specifically descripted. ATP assay which is CellTiter-Glo 

(G7570) was taken from Promega, US. NO releasing was measured by Griess reagent 

(K544-200, Biotium, CA, USA). Live and Dead Staining was performed by (Cellstain 

double staining kit, CS01-10, Dojindo Molecular Technologies, Japan). Alkaline 

Phosphatase Activity was tested by ALP Activity Kit (ab83369, Abcam, USA). 

Calcium amount was analyzed by DICA 500, Quanthichrom, Wilhelm-Mauser, 
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Germany. Total RNA Isolation was performed by RNAqueous™, Thermo, USA. RNA 

was doubled by MuLV First Strand cDNA Synthesis Kit (Biomatik, Ontario, Canada). 

7.2.2 Synthesis of Soluble RGD Peptide 

RGD peptide, which consists of Gly-Arg-Gly-Asp-Ser aminoacids, was 

synthesized on having 9-fluorenylmethoxycarbonyl (Fmoc) 4-

Methylbenzhydrylamine (MBHA) resin with 0.67 mmol/g loading capacity within 

automated peptide synthesizer (AAPPTEC Focus Xi, Louisville, KY, USA) [351]. 

According to loading capacity of resin, 2 equivalents (2 eq) aminoacid, O-

Benzotriazole-N,N,N’,N’-tetramethyluroniumhexafluoro-phosphate (HBTU; 2 eq), 

hydroxybenzotriazole (HOBt; 2 eq) and N,N-diisopropylethylamine (DIEA; 4 eq) 

HBTU in N,N-Dimethylformamide (DMF) were added into resin for 3 hours. After all 

sequences were completed, respectively, the RGD peptide was cleavaged from resin 

by using trifluoroacetic acid (TFA): triisopropylsilane (TIPS): H2O solution 

(95:2.5:2.5) into cold ether. Then, the peptide was prepared to mix with serum free 

osteogenic media. 

7.2.3 Cell Culture and SFMs Fabrication in Osteogenic Media Including RGD Peptide 

hBMSCs and HUVECs were separately cultured with Dulbecco’s Modified 

Eagle Media-F12 (DMEM- F12) with L-glutamin contained 10% FBS and 1% 

Penicillin-Streptomycin. The medias of cell culture were refreshed every 2 days up to 

21st day. Cells were taken under incubator which includes 5% CO2 and 37oC 

temperature. Agarose mold was constructed by commercial 3D Petri Dish Plates as 

descripted in previous studies [63, 193]. Then the mold was incubated with osteogenic 

media containing 100 nM dexamethasone, 50 µg/mL ascorbic acid, and 10 mM ß-

glycerophosphate and antibiotics (50 µg/mL gentamicin and 0.5 mg/mL amphotericin 

B) without serum [351-353]. The 1 mM concentration of RGD peptide was mixed with 

serum free osteogenic media except for positive control. hBMSC and HUVEC were 

seeded into agarose mold to fabricate SFMs by forming coculture in 1:1 ratio. 
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7.2.4 PBM Application on Bone like SFMs 

PBM was performed with 1 J/cm2 energy density at 655 nm Diode Laser 

(Changchum New Industries Optoelectronics Tech, China) and 5 J/cm2 energy density 

at 808 nm Diode Laser (Omnibil, Istanbul, Turkey). The adjustment of optical fibers 

of the laser devices was fixed by an XYZ-platform on optical table to enlighten 

homogeneously the cell culture plates. The output power (0.2 Watt) was set for both 

light source. While 5 seconds were applied for 1 J/cm2 energy density at 655 nm Diode 

Laser, 55 seconds were applied for 5 J/cm2 energy density at 808 nm Diode Laser. 3D 

SFMs were exposed to light irradiation three times per 24 hour. To analyze the effects 

of association of RGD peptide and light applications, the experimental groups were 

prepared as control group, positive control, only RGD group, only PBM application 

with 1 J/cm2 energy density at 655 nm of wavelength, the combination of 1 mM RGD 

peptide and PBM applications with1 J/cm2 energy density at 655 nm of wavelength, 

only PBM application with 5 J/cm2 energy density at 808 nm of wavelength and also 

the combination of 1 mM RGD and PBM application with 5 J/cm2 energy density at 

808 nm of wavelength. Positive control (PC) which contained 10 % FBS without any 

peptide and ligth application. The all results were compared with control group (C) 

which did not include RGD peptide and light application. 

7.2.5 Micrographs and Diameter Calculation of SFMs 

The micrographs of SFMs were taken under microscope (Olympus, CKX41, 

Tokyo, Japan) on days 4, 7, 14 and 21. Then, the diameters of at least three SFMs were 

measured by Image J (NIH, USA) in each time points. The averages of SFMs were 

measured.  

7.2.6 Live and Dead Staining on SFMs 

Live and Dead cell staining was performed to analyze cell viability of SFMs as 

descripted in previous studies [63, 64, 193]. After all SFMs were washed three times 

by PBS, 11 mmol of L Calcein-AM / DMSO and 1.5 mmol of L Propidium Iodide / 

purified water solution were mixed within PBS. Then, the mixture was added onto 

SFMs and incubated for 15 minutes. All SFMs washed again with PBS and observed 
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under the fluorescence microscope. The green intensities of SFMs were calculated by 

Image-J. 

7.2.7 Analysis of the Intracellular ROS Production 

Since PBM promotes ROS production which has capacity of osteogenic 

differentiation [276, 354], the ROS production of SFMs was evaluated after the last 

light application by fluorescent agent DCF as descripted in literature [355, 356]. After 

PBM applications, 100 µl of DCFH-DA solution was added into SFMs at 37°C for 45 

minutes in the dark. Over DCFH-DA solution was washed by PBS. After that, ROS 

was measured in multiplate spectrophotometer (Synergy™ HTX Multi-Mode 

Microplate Reader, BioTek, Winooski, VT, USA) according to fluorescence intensity 

(excitation: emission 485 nm: 535 nm). 

7.2.8 Relative ATP Production of SFMs 

One of the products of PBM is also ATP. ATP was measured after the last light 

application according to previous study [137, 357]. After light application, 50 μL of 

CellTiter-Glo was added into the medias of SFMs. Then, the luminescence values were 

measured by the microplate reader after 2 minutes incubation time at room 

temperature. 

7.2.9 Analysis of NO Release 

PBM based NO was measured after the last light application by the Griess 

reagent which includes sulfanilic acid and N-(1-naphthyl)ethylenediamine for 

quantification the NO releasing. Briefly, equal volume of Griess reagent and the 

medias of SFMs were mixed. Then, the mixture was incubated for 30 minutes. The 

absorbance of SFMs was obtained by the microplate reader at 548 nm [356, 357]. 

7.2.10 Osteogenic Differentiation Capacity of the Combined Therapy 

Osteogenic differentiation capacity of the combined therapy on SFMs was 

evaluated with DNA amount, ALP Activity and Calcium Assay by following previous 

literature [199, 351, 358]. At the each time point (4, 7, 14, and 21 days), SFMs were 

washed by PBS. Samples were lysed by 10 mM Tris supplemented with 0.2% Triton 
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in PBS. For DNA quantification, bisBenzimide H 33258 was added into each well and 

measured at the fluorescence (excitation: emission) 360 nm: 460 nm of wavelength. 

For ALP activity measurement, 10 µl of ALP enzyme and 50 µl of 5 mM para-

nitrophenylphosphate (pNPP) were prepared to incubate sample for 1 hour. After 

added stop solution, the mixture was measured at 405 nm of wavelength. Calcium 

amounts of SFMs were measured by 50 μl calcium reagent mixture and 150 μl lysed 

sample at 612 nm of wavelength. The calculated ALP activities and calcium amounts 

were normalized according to DNA contents of SFMs at the each time point. 

7.2.11 Relative Osteogenic Gene Expressions of Bone Like SFMs 

The osteogenic gene expressions of bone like SFMs were assessed by 

quantitative real time PCR [64, 193, 351]. After 3D SFMs were lysed using a tissue 

shredder stick. Total RNA was isolated by using RNA extraction kit. At the last step, 

RNA of all SFMs was eluted by RNase-free water with final volume of 50 uL. 1 µg of 

RNA was doubled to cDNA in standart PCR. Real time PCR was evaluated by SYBR 

Green Mix by qPCR (Step One Plus, Applied Biosystems, Foster City, USA). All 

markers of SFMs were triple repeated in qPCR. GAPDH was utilized as endogenous 

control. The other osteogenic markers (ALP, Collagen, and Osteopontin) were 

normalized to GAPDH. The primer sequences of osteogenic markers were given in 

Table 7.1. Relative mRNA fold differences of the osteogenic markers were measured 

by 2-(ΔΔCt) formula. 

Table 7.1: The sequences of the osteogenic markers. 

GENES Sequences 

GAPDH 
R: AACAGCGACACCCACTCCTC 

F: CATACCAGGAAATGAGCTTGACAA 

Alkalin 

Phosphatase 

(ALP) 

R: ACATTCCCACGTCTTCACATTT 

F: AGACATTCTCTCGTTCACCGCC 

Collagen Type I 
R: TGACGAGACCAAGAACTG 

F: TCAGCCTTAGACGCCTCAAT 
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Osteopontin 

(OPN) 

R: ATGAGATTGGCAGTGATT 

F: TTCAATCAGAAACTGGAA 

7.2.12 Statistical Analysis 

All experiments were repeated at least three times (n=3). Averages of all datas 

were calculated. Statistical analysis of all data was assessed by Two way ANOVA 

(GraphPad Prism, CA, USA), followed by Tukey’s post hoc test. The values of control 

group were calculated and estimated as 100 % in ATP, ROS, NO datas. Moreover, 

qPCR values of control group were estimated as 1. The values of the other 

experimental groups were compared with the control group. The statistically 

significant results were determined as p*< 0.05, p**< 0.01 and p***< 0.001. 

7.3 Results 

7.3.1 The formation and diameter analysis of SFMs 

The formation and proliferation of SFMs were calculated following treatment 

with only PBM applications (at 655 nm and 808 nm of wavelength), and combination 

of RGD and PBM (at 655 nm and 808 nm of wavelength) and plotted as a percentage 

of untreated control and positive control (Figure 7.2 and Figure 7.3). All SFMs were 

greatly constructed and followed until day 21. Nearly all diameters of SFMs started to 

decrease after day 14. However, the highest diameter enlargement was observed in the 

combination of RGD and PBM applications at 655 nm of wavelength after PC on day 

21. The diameters of C, PC, RGD, PBM at 655 nm, RGD+PBM at 655 nm, PBM at 

808 nm, and RGD+ PBM at 808 nm groups were calculated 207±6, 429±10, 287±6, 

256±20, 335±15, 247±10, and 332±23 µm on day 21, respectively. The diameter of 

RGD was larger than only PBM groups (at the 655 nm and 808 nm of wavelength) in 

the last time point. 
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Figure 7.2: The formation of SFMs of control, positive control, RGD, PBM at 655 

nm of wavelength, RGD+655 nm, PBM at 808 nm of wavelength, and RGD+808 nm 

on days 4, 7, 14, and 21. 

 

Figure 7.3: The average diameter changes of SFMs on days 4, 7, 14, and 21. 

Statistical Two way ANOVA analysis were marked as p*<0.05, p**<0.01 and 

p***<0.001 

7.3.2 The viability analysis of SFMs 

The viable and dead cells were dyed to understand the effects of experimental 

groups as shown in Figure 7.4.   
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Figure 7.4: Viability of SFMs on days 4, 7, 14, and 21. 

The viabilities of SFMs were evaluated according to green color intensity as 

presented in Figure 7.5. The average green intensity of control was estimated as 100 

% at the 4th day. The other experimental groups were compared with the intensity of 

control. Parallel to diameter measurement, the viabilities of SFMs nearly initiated to 

shrink after day 14. The green intensities of C, PC, RGD, PBM at 655 nm, RGD+ 

PBM at 655 nm, PBM at 808 nm, and RGD+ PBM at 808 nm groups were measured 

as 61±0,2, 153±4, 120±4, 85±5, 118±3, 75±4, and 114±3 % on day 14, respectively. 

The diameter of RGD was larger than only PBM groups (at 655 nm and 808 nm of 

wavelength) on day 14. Even though the diameter of RGD was larger than the 

combined therapy, it was not statistically significant. The most diameter enlargement 

was observed in PC. 
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Figure 7.5: The averages of green intensities of SFMs depending on days 4, 7, 14, 

and 21. Statistical Two way ANOVA analysis were marked as p*<0.05, p**<0.01 

and p***<0.001. 

7.3.3 The relative ROS and ATP production and NO releasing for the combined 

therapy on SFMs 

Production of ROS, synthesis of ATP and NO releasing were measured in all 

SFMs groups after triple light treatments as given in Figure 7.6.  
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Figure 7.6: Percentage (A) ROS production, (B) ATP synthesis and (C) NO-releasing 

relative to control of SFMs after triple treatment. Statistical Two way ANOVA 

analysis were identified as p*<0.05, p**<0.01 and p***<0.001. 

The ROS production of C, PC, RGD, PBM at 655 nm, RGD+ PBM at 655 nm, 

PBM at 808 nm, and RGD+PBM at 808 nm groups were measured 100±8, 78±9, 

125±17, 145±7, 165±8, 178±23, and 189±17 %, respectively. All PBM groups 

produced more ROS than control group. Only RGD even propagated ROS production 

rather than control group. The lowest ROS production was observed in PC group 

among all experimental groups. ATP productions of SFMs were calculated by 

comparing with control group after triple PBM treatment. The ATP levels of C, PC, 

RGD, PBM at 655 nm, RGD+PBM at 655 nm, PBM at 808 nm, and RGD+ PBM at 

808 nm groups were measured as 100±1, 178±10, 153±9, 228±2, 244±1, 188±8, and 

207±5 %, respectively. The highest ATP production was observed in RGD+PBM at 

655 nm group. The light treatment groups promoted ATP. However, only PBM at 655 

nm of wavelength and the combination with PBM at 655 nm of wavelength showed 

higher effect than only 808 nm and the combination with 808 nm groups. Moreover, 

PBM at 655 nm of wavelength showed higher ATP production than positive control. 

One of the products of PBM is NO which was measured in all SFMs. The NO releasing 

results of C, PC, RGD, PBM at 655 nm, RGD+ PBM at 655 nm, PBM at 808 nm, and 

RGD+PBM at 808 nm groups were shown as 100±19, 53±11, 232±13, 323±10, 

431±24, 201±25, and 342±59 %, respectively. While the highest NO releasing was 

observed in RGD+PBM at 655 nm group, the lowest NO releasing group was PC.  
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7.3.4 The osteogenic differentiation effects of the combination therapy for SFMs 

Osteogenic differentiations of SFMs were evaluated by DNA amount, ALP 

activity and calcium deposition as shown in Figure 7.7. 

 

Figure 7.7: The osteogenic differentiation analysis of SFMs by  (A) DNA 

quantification, (B) ALP Activity, (C) Calcium mineralization. Statistical Two way 

ANOVA analysis were identified as p*<0.05, p**<0.01 and p***<0.001. 

DNA amount of SFMs showed parallel results with viability. Specifically, after 

day 14, DNA amounts of SFMs started to decrease. In the end of the last time point, 

DNA amounts of C, PC, RGD, PBM at 655 nm, RGD+PBM at 655 nm, PBM at 808 

nm, and RGD+PBM at 808 nm groups were calculated as 225±10, 451±24, 351±3, 

238±18, 371±8, 275±5, and 333±16 ng/ml, respectively. After PC, the highest DNA 

amount belonged to RGD+655 nm group. ALP activities of C, PC, RGD, PBM at 655 

nm, RGD+PBM at 655 nm, PBM at 808 nm, and RGD+PBM at 808 nm SFMs were 

found 2120±84, 2374±58, 2866±26, 2871±21, 3220±121, 2962±57, and 3085±65 

nmol/ng DNA on day 14, respectively. ALP activities of all SFMs were increased until 

day 14. The ALP activity of RGD+PBM at 655 nm of wavelength group reached in 

the highest point on day 14. Only RGD and only PBM at 655 nm of wavelength groups 

showed similar results each other. Calcium mineralization was evaluated in each time 

points. Although the combination therapy for both PBM groups enhanced in the first 

time point of osteogenic differentiation, the calcium amounts of combination were not 

statistically different than the only PBM groups. Calcification started after 21st day. 

The calcium amounts of C, PC, RGD, PBM at 655 nm, RGD+PBM at 655 nm, PBM 
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at 808 nm, and RGD+PBM at 808 nm SFMs were tested as 3448±253, 4346±241, 

5249±59, 4684±386, 5891±109, 5113±81 and 5574±270 IU/ng DNA in the last time 

point, respectively. Calcium amount of RGD+PBM at 655 nm of wavelength was 

higher than the other experimental groups, again. 

Relative mRNA expressions of osteogenic markers (ALP, collagen and 

osteopontin) of C, PC, RGD, PBM at 655 nm, RGD+PBM at 655 nm, PBM at 808 nm, 

and RGD+PBM at 808 nm groups were evaluated by qPCR as presented in Figure 7.8.  

 

Figure 7.8: The osteogenic mRNA fold differences of SFMs relative to control: (A) 

ALP mRNA expression, (B) Collagen mRNA expression, (C) Osteopontin mRNA 

expression. 

All genes were compared with control group which was estimated as 1. ALP 

expressions of PBM groups were effective from the first time point to 14th day. ALP 

expressions were reached on day 14 in the all groups. However, the highest ALP 

expression was observed in RGD+PBM at 655 nm of wavelength group. Relative ALP 

fold differences of C, PC, RGD, PBM at 655 nm, RGD+PBM at 655 nm, PBM at 808 

nm, and RGD+PBM at 808 nm were calculated as 1±0, 32±18, 182±5, 114±28, 

290±32, 58±20 and 178±22 on day 14, respectively. The combination therapies for 

both wavelengths were more effective than only peptide or only PBM groups. 

Although collagen mRNA was the highest expressed in RGD+PBM at 655 nm group, 

nearly all groups showed similar collagen expression in the first time point. In the last 

time point, the relative collagen expressions of C, PC, RGD, PBM at 655 nm, RGD+ 

PBM at 655 nm, PBM at 808 nm, and RGD+PBM at 808 nm were found as 1±0, 4±1, 

47±10, 20±2, 95±8, 22±8, and 40±3, respectively. The highest collagen expression 
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was found in RGD+ PBM at 655 nm of wavelength group in the last time point. All 

RGD and all PBM groups expressed more collagen than the control and positive 

control. The fold differences of osteopontin gene in C, PC, RGD, PBM at 655 nm, 

RGD+PBM at 655 nm, PBM at 808 nm, and RGD+PBM at 808 nm groups were found 

as 1±0, 8±3, 390±29, 40±2, 486±62, 64±11, and 382±22 in the last time point, 

respectively. From the first time point to last time point, all experimental groups 

expressed more osteopontin than control group. The highest osteopontin expression 

was observed in RGD+PBM at 655 nm of wavelength group again.  

7.4 Discussions 

In this study, we made out that the combination therapy with peptide and PBM 

supported more osteogenic differentiation capacity than only peptide or only PBM 

therapies. The results were indicated that 1 mM concentration of RGD and PBM at 

655 nm of wavelength enhanced cell proliferation of SFMs, stem cell differentiation, 

and bone regeneration. The bone mimetic peptides like RGD peptide may be one of 

the most well-known integrin recognition sites in ECM proteins [328]. The sequence 

also regulates cellular attachment of bone cell into ECM [359]. The RGD sequence 

has critically important role in terms of proliferation and differentiation [328, 359]. On 

the other hand, LLLT or PBM has also improves stem cell differentiation [134]. The 

ranges of 600-1200 nm of wavelength are therapeutic window that directly affect 

mitochondria of cells to able to regulate cellular behaviours [360]. The state-of-the-art 

of BTE modalities are based upon supporting faster and easier tissue regeneration by 

controlling stem cell behaviours. Thus, the regenerative capacity can increase by 

combining biomaterials and PBM [361-363]. 

In all groups, SFMs were greatly constructed from day 4. The diameter analysis 

of 1 mM of RGD and PBM applications 1 J/cm2 at 655 nm of wavelength and 

RGD+PBM at 808 nm of wavelength increased more proliferation than only single 

therapy groups and control group. The viability analysis of SFMs showed that the 

combination therapy with RGD+PBM at 655 nm of wavelength and RGD+PBM at 

808 nm of wavelength showed higher viable cells compared with control and single 

therapy. The positive control showed higher diameter enlargement than the 
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combination therapy in late time point because positive control included serum. The 

serum is vital components for metabolic activity of cells so it contributes to viability 

and proliferation of cells [63, 64]. However, minimum serum concentration is needed 

to analyze the real effect of tissue mimicking peptides [364]. Although the 

combination therapies with both light applications didn’t have any serum 

concentration, both of them were increased the diameter and viability of SFMs. 

RGD+PBM at 655 nm of wavelength group was specifically enhanced the diameter of 

SFMs and proliferation of cells. Although single therapy promoted cell viability and 

proliferation, the combined therapy for both PBM application (at the 655 nm and 808 

nm of wavelength) enhanced more cell proliferation and viability. Previous studies 

have been shown that the RGD peptide increases cell proliferation and cellular 

attachment to ECM because of its integrin binding capacity [325, 326]. At the 655 nm 

of wavelength also promoted the cell proliferation and migration [360, 365]. Similarly, 

808 nm of wavelength can induce cell proliferation, migration and attachment [336, 

366]. It is possible to promote cell proliferation by combining different therapies [226, 

367]. 

The PBM made out different signal molecules such as ROS, ATP and NO [331, 

339, 356]. The signal molecules directly take place in cell and contribute to synthesis 

of transcription factors [338, 360]. Although the highest ROS production was observed 

in RGD+PBM at 808 nm of wavelength group, the ROS production of RGD+PBM at 

655 nm group of wavelength was higher than only RGD or only PBM at 655 nm of 

wavelength. Only RGD group also produced ROS but not significant. One of the 

output molecules of PBM is ROS. Although ROS was produced in single RGD therapy 

but not significant, the combined therapy may trigger more ROS production. The 

literature indicated that the interactions of integrin and ECM regulate critical adaptive 

stress response in cells and lead to amplification of ROS [329, 368, 369]. However, 

the combined therapy showed more ROS productivity than the other groups. The 

highest ATP was produced by RGD+PBM at 655 nm of wavelength. Actually, RGD 

induced ATP production and cell metabolism for viability. Similarly, 600-800 nm 

range of wavelength also promotes the synthesis of ATP because the range directly 

affects cytochrome-c oxidase in mitochondria [370]. The NO releasing occurs during 

light irradiation [134, 357, 366]. Moreover, RGD peptide may also release NO [329]. 
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The highest NO releasing was observed in the combination of RGD+PBM at 655 nm 

of wavelength group. Moreover, RGD+PBM at 808 nm of wavelength group also 

released NO. Releasing NO stimulates proliferation and differentiation of MSCs so it 

is another strategy for bone tissue regeneration [329]. 

The differentiation capacity of combined therapies was evaluated by DNA, 

ALP activity, calcium mineralization and mRNA fold differences of osteogenic 

markers. The DNA amount of RGD+PBM at 655 nm of wavelength was higher than 

the other experimental groups as parallel with SFMs and viability results. The 

combination therapy (RGD peptide and PBM at the 655 nm of wavelength application) 

strongly proliferated cells which is critical important for bone regeneration. Although 

single therapy groups also expressed ALP, the highest ALP expression was observed 

in the combination of RGD+PBM at 655 nm of wavelength. ALP activity which is 

expressed bone cells in early time [351]. RGD and PBM at the 600-800 nm range of 

wavelength may promote to ALP activity for osteogenic differentiation [135, 326, 328, 

337]. Even only RGD or only PBM groups deposited calcium in their matrix. Ji, B. 

et.al. exhibited that hydrogel-conjugated RGD peptide supported matrix 

mineralization [329]. On the other hand, PBM at the 600-800 nm range of wavelength 

also promoted calcium mineralization [135, 337, 371]. Calcium mineralization was 

also supported by combined therapy groups. The combination of RGD+PBM at 655 

nm of wavelength group deposited calcium more than RGD+PBM at 808 nm of 

wavelength group. 

mRNA fold differences of osteogenic markers were evaluated by qPCR 

analysis in all SFMs. The highest mRNA expressions of ALP were observed in the 

combination of RGD+PBM at 655 nm of wavelength group as parallel ALP activity 

results. Although the mRNA expression of ALP in only RGD group was more 

effective than only PBM application groups, the enzymatic results of ALP showed that 

the production of ALP was nearly same with light application groups. The literature 

already indicated that expression of ALP can be inducible in MSCs by RGD [359] or 

PBM [135, 276]. Actually, the promotion of ALP expression can be estimated in the 

combination of RGD and PBM (at the 655 nm and 808 nm of wavelength). The 

collagen mRNA fold difference in the combined therapies was overwhelmingly higher 
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than the other experimental groups. However, only RGD group also highly expressed 

collagen rather than only PBM groups. Since RGD is a unit of some ECM proteins 

such as collagen [102, 203], the expression of collagen was promoted by even only 

RGD group. Even if PBM promoted collagen expression [371], PBM groups observed 

lower collagen production compared with RGD. However, the combination of 

RGD+PBM at 655 nm of wavelength group extensively expressed collagen rather than 

the other groups due to RGD concentration. Similarly, the highest mRNA expression 

of osteopontin was observed including RGD. Even though, only PBM groups showed 

low osteopontin mRNA expression rather than only RGD group, the combination of 

RGD+PBM at 655 nm of wavelength increased osteopontin expression. Actually, 

PBM at 660 and 808 nm of wavelength can contribute to osteopontin mRNA 

expression [323]. Similarly, the result of osteopontin mRNA fold differences of only 

PBM groups (at 655 nm and 808 nm of wavelength) exhibited more expression rather 

than control. However, the higher osteopontin expression was observed including 

RGD peptide. Since RGD sequence is located in osteopontin as one of the integrin 

binding sites [372]. Thus, it is possible to reach more expression rate by RGD 

including groups. The highest osteopontin was found in the combination of 

RGD+PBM at 655 nm of wavelength which supported osteogenic differentiation and 

even bone regeneration. 

Consequently, it is discussed that the combination therapy of peptide and PBM 

(at 655 nm and 808 nm of wavelength) supported more cell proliferation, viability and 

differentiation than single therapy. 1 mM concentration of RGD and 1 J/cm2 energy 

density at the 655 nm of wavelength combination promoted more cell proliferation, 

viability, differentiation and regeneration than 1 mM concentration of RGD and 5 

J/cm2 energy density at the 808 nm of wavelength combination. 

7.5 Conclusions 

Peptide or PBM therapy can be useful to increase osteogenic differentiation 

but the combination of them synergistically enhanced stem cell differentiation. The 

combination therapy promoted effectiveness of osteogenic differentiation rather than 

single RGD therapy or single PBM therapy. Although the combination of 1 mM 
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concentration of RGD and 1 J/cm2 energy density at the 655 nm of wavelength is the 

most effective group in terms of cell proliferation, viability and differentiation, both 1 

mM concentration of RGD and 1 J/cm2 energy density at the 655 nm of wavelength 

and 1 mM concentration of RGD and 5 J/cm2 energy density at the 808 nm of 

wavelength may be a promising therapeutic window for clinical trials.  
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Chapter 8 

8. Concluding Remarks 

BTE aims to understand bone structure and formation and to induce 

regeneration capacity. Successfully bone regeneration is possible with knowledge of 

the bone biology. Thus, BTE targets to develop regenerative strategies by using cues 

of bone cell behaviours and microenvironment in vitro conditions. Since 

microenvironment is crucial for stem cell behaviours such as growth, viability, 

proliferation and differentiation, self-assembly ECM platforms are needed to 

investigate microenvironments of bone. SFMs can successfully mimic natural ECM, 

promote intracellular cross-talk of cells, and remodel like in vivo condition. Since 

mesenchymal stem cells closely contact with endothelial cells in bone, the study was 

benefited from the coculture of mesenchymal stem cell and endothelial cell to create 

bone like SFMs. 

Biomimetic peptides are useful tools for direction cell behaviours in bone 

regeneration due to the advantages of their ECM mimicking, cell to cell and cell to 

ECM signalling properties. Integrin binding peptides (IKVAV, RGD, and YIGSR), 

are units of ECM proteins such as fibronectin, laminin, collagen and osteopontin, bind 

cell to matrix and initiate cell proliferation, adhesion, migration, and differentiation. 

Additionally, the bone regeneration can be influenced by external physical sources 

such as LLLT or PBM. Light in PBM is absorbed by chromophore molecules known 

as cytochrome c oxidase which is found in mitochondria of cells. After PBM therapy, 

ROS, ATP and NO are produced to induce cell proliferation, viability and osteogenic 

differentiation. To improve efficacy of PBM and peptide therapy, the combination of 

them can be used. The defined optimum concentration of integrin binding peptides and 

the most effective parameters of PBM can provide bone regeneration. For these 

purposes, the thesis performed five different studies on bone like SFMs. The first part 

included that the investigation of vascularization of coculture with mesenchymal stem 

cell and endothelial cell on SFMs. The part implied that endothelial cell mediated 
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signaling molecules in the coculture improved vascular capacity of bone like structure. 

Moreover, the coculture also contributed to vascularization, growth, viability, and 

proliferation of stem cells. In the second part, the determination of osteogenic potential 

of integrin binding peptides (IKVAV, RGD and YIGSR) was examined in different 

concentrations (0.5 mM, 1 mM and 2 mM) on vascularized bone SFMs. 1 mM 

concentration of RGD peptide had more potential for inducing osteogenesis than the 

other concentrations of RGD and the other integrin binding peptide sequences. In the 

third part of the thesis, it brought into open the molecular mechanism of PBM at 655 

and 808 nm of wavelength by determining role of production of ATP and releasing of 

NO in the proliferation, migration, and osteogenic differentiation. In addition, it was 

identified that 5 J/cm2 energy density at 655 and 808 nm of wavelength was the most 

successful light parameter on monolayer co-culture in terms of osteogenic 

differentiation. In the fourth part, it was found that 1 J/cm2 energy density at 655 nm 

of wavelength showed ROS and ATP production and NO releasing which were crucial 

signaling molecules in terms of cell proliferation, viability, and osteogenic 

differentiation on bone like SFMs. 5 J/cm2 energy density at 808 nm of wavelength 

followed the 1 J/cm2 energy density at 655 nm of wavelength on vascularized bone 

SFMs. In the last part, combined therapy was performed on vascularized bone SFMs 

by using the optimum concentration of integrin binding peptides and parameters of 

PBM therapy. Thus, the last part was designed by the combination of 1 mM RGD 

peptide and 1 J/cm2 energy density at 655 nm of wavelength and the combination of 1 

mM RGD peptide and 5 J/cm2 energy density at 808 nm of wavelength on vascularized 

bone SFMs. The results indicated that 1 mM RGD peptide and 1 J/cm2 energy density 

at 655 nm of wavelength, which showed ROS production, ATP synthesis and NO 

releasing, supported more cell proliferation, viability and osteogenic differentiation. 

In the sum of the thesis, only peptide therapy or only PBM therapy were even 

influential therapeutic way for bone regeneration, the combination therapy of them 

were actually more effective strategy to increase regenerative capacity of bone. 

According to indications, 1 mM RGD peptide and 1 J/cm2 energy density at 655 nm 

of wavelength may be brilliant therapeutic window for clinical researches. 
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