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ÖZET 

LEVAN İÇEREN FİBRÖZ MATRİSLERİN ÜRETİMİ 

Yaşlanma, hastalanma ve yaralanma gibi nedenler organların veya dokuların 

fonksiyonlarının yitirilmesine veya azalmasına sebep olabilmektedir. Doku mühendisliği, 

herhangi bir yetersizliğin meydana geldiği durumlarda organ ve/veya dokuların 

yenilenmesini ve yeniden oluşturulmasını amaçlayan bir disiplinler arası bilim dalıdır. 

Doku mühendisliğinde dokusal yenilenmelerin sağlanması için hücrelerin kendilerini 

doğal yaşam ortamlarındaymış gibi hissetmelerini sağlayan iskele yapıları kullanılır. 

Canlı vücudunda hücreler, ekstrasellüler matris denilen fibril ve porlu yapılardan oluşan 

bir ortam içinde bulunur. Hücrelerin doğal yaşamını taklit etmedeki en önemli faktör, 

aynı topografi ve fonksiyonaliteyi sağlayacak ekstrasellüler matrisi taklit etmektir. Bu 

nedenle, fibril yapıdaki iskeleler birçok doku mühendisliği uygulamalarında başarılı bir 

şekilde kullanılabilmektedir. Elektroeğirme yöntemi, hemen hemen her polimere 

uygulanabilmesi, kolay ve ucuz bir yöntem olması nedenleriyle, fibril yapıda iskelelerin 

üretiminde en çok tercih edilen tekniktir. 

Polisakkaritler, doğal polimerler olmaları nedeniyle birçok biyolojik aktiviteye 

sahiptirler. Bir homopolisakkarit olan levan, işlevsel bir polimer olarak medikal ve 

kimyasal endüstride gittikçe yükselen bir popülariteye sahiptir. Ayrıca levanın, suda 

çözünür, yüksek biyouyumluluğa sahip olması ve biyoyapışkan özelliğinin bulunması 

onu biyomedikal alanda oldukça çekici hale getirmektedir. Böylece, bu tez kapsamında, 

levan-kaynaklı fibril yapıları üretilerek levanın biyolojik ortamlardaki avantajlarından 

yararlanılması ile doku mühendisliği ihtiyaçlarına cevap verecek iskele yapılanın 

geliştirilmesi hedeflenmiştir. 

Bu amaçla, Halomonas symrnensis AAD6T bakterisi tarafından üretilen levan polimeri 

(HL), çözünürlülüğünü artırmak amacıyla hidrolizlenmiştir. Hidrolizlenen polimer 

(hHL), daha sonra sülfatlama işlemine tabi tutulmuştur. Levan-kaynaklı fibril yapıları 

için hidrolize levan ve sülfatlanmış hidrolize levan kullanılmıştır. Ayrıca yardımcı 

polimer olarak polikaprolakton ve polietilen oksit tercih edilmiştir. Fibril üretimi tek-

iğneli ve ko-aksiyal elektroeğirme yöntemleri ile gerçekleştirilmiştir. Üretimde kullanılan 

solüsyonların fiziksel karakterizasyonu ve üretilen fiber matrislerin spektrofotometrik, 
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morfolojik, mekanik ve biyolojik karakterizasyonları gerçekleştirilmiştir. Ayrıca, 

sülfatlanmış levan içeren fiberlerin antikoagulasyon aktiviteleri incelenmiştir. 

Elektroeğirme yöntemi ile üretilen matrisler, çeşitli çaplarda fibril yapılarına sahip olup 

fibril bulunurluğu açısından oldukça yoğun bir görünüme sahiptir. Özellikle sülfatlanmış 

hidrolize levan içeren matrislerin mekanik olarak biyolojik dokulara benzer özelliklere 

sahip olduğu gözlemlenmiştir. Hidrolize levan içeren matrisler hem fibroblast hem de 

endotel hücreleri için yüksek biyouyumluluk göstermiştir. Sülfatlanmış hidrolize levan 

içeren matrisler ise beklenildiği gibi fibroblastların çoğalımını engellerken endotel 

hücrelerin büyümesini ve çoğalmasını desteklemiştir. Öte yandan, sülfatlanmış hidrolize 

levanlar içeren fibril iskelelerin antikoagulasyon aktiviteleri incelenmiştir ve sülfatlanmış 

hidrolize levan konsantrasyonu arttıkça pıhtılaşma süresinin geciktiği gözlemlenmiştir. 

Bu iki sonuç, özellikle damar doku mühendisliğinde karşılaşılan, yapay damarlarda 

gerçekleşen tıkanıklık ve endotelleşmenin engellenmesi problemlerinin önüne geçilmesi 

açısından önem arz etmektedir. 

OCAK, 2018                Gülben AVŞAR 
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ABSTRACT 

FABRICATION OF LEVAN-CONTAINING FIBROUS MATRICES 

Aging, diseases, and injuries can cause to reduce or loss of functions of tissues or organs. 

Tissue engineering is an interdisciplinary scientific area that aims regeneration and 

reforming of damaged tissues/organs. Scaffolds are used in tissue engineering 

applications to support cells with a native host tissue environment. In a living body, cells 

grow and proliferate in an environment that is called the extracellular matrix with its 

fibrous and porous structure. The main factor to mimic extracellular matrix is providing 

an environment that has similar topography and functionality with it. Therefore, fibrous 

matrices are used for several tissue engineering applications successfully. 

Electrospinning is the most preferred technique to produce fibrous scaffolds due to being 

applicable for almost all polymers, easy and inexpensive. 

Polysaccharides have various biological activities as natural polymers. Levan that is a 

homopolysaccharide has an increasing popularity as a functional polymer in medical and 

chemical industries. Additionally, its water-solubility, high biocompatibility, and 

bioadhesive properties make levan as an attractive polymer for biomedical applications. 

Hence, satisfying the needs of tissue engineering by benefiting the advantages of levan in 

biological environments is aimed at producing levan-based fibrous structures. 

Halomonas Levan (HL) that was produced by Halomonas symrnensis AAD6T was 

hydrolyzed to increase its solubility. Then, hydrolyzed Halomonas levan (hHL) was 

exposed to sulfation process. Hydrolyzed Halomonas levan (hHL) and sulfated 

hydrolyzed Halomonas levan (ShHL) were used for electrospinning technique, and 

polycaprolactone and polyethylene oxide were used as helper polymers for single-needle 

and co-axial electrospinning experiments. The physical characterizations of solutions that 

were used in electrospinning were determined successfully, and spectrophotometric, 

morphological, mechanical and biological characterizations of electrospun matrices were 

performed. In addition, the anticoagulation activity of electrospun matrices that contained 

ShHL was also investigated. 

The produced electrospun matrices had diverse numbers of fiber diameter and a dense 

fibrillary structure. Especially, ShHL containing fibrous matrices showed similar 

mechanical properties to the native tissues. High cell proliferation percentage was 
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observed in both fibroblasts and endothelial cells that were grown on hHL containing 

fibrous matrices. Fibroblast proliferation was inhibited while endothelial proliferation 

was supported by ShHL containing fibrous matrices as expected. On the other hand, the 

anticoagulation activity of ShHL containing fibrous scaffolds was examined, and it was 

found that the required time for coagulation was increased by increasing concentrations 

of ShHL. These two results for ShHL have a place in overcoming embolism problem that 

occurs especially in vascular tissue engineering applications. 

January, 2018               Gülben AVŞAR 
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1. INTRODUCTION 

Human organs are exposed to several changes from their surrounding environment 

continuously. As a response to that changes, they have ability to maintain their 

homeostasis. However, loss of functionality is highly possible to occur due to aging, 

disease and/or injuries. Regenerative sciences use the opportunity of regeneration of 

organs and tissues with the help of traditional medical treatments, transplantation and 

alternative novel strategies (Pelipenko, Kocbek, & Kristl, 2015). Tissue engineering and 

regenerative medicine comprise an interdisciplinary research are that applies chemistry, 

material science, engineering and medicine. It enables formation of functional tissue by 

investigating and understanding the deposition, growth and remodeling of tissues 

(Asghari, Samiei, Adibkia, Akbarzadeh, & Davaran, 2017; Pelipenko et al., 2015) with 

utilizing three basic tools as cells, biomaterials and biomolecules (Braghirolli, Steffens, 

& Pranke, 2014). Tissue engineering has been defined as generation of new tissue using 

engineering principles in modern sciences and was recorded first in 1991 as reported by 

Vacanti. The birth of this field was in the mid-1980`s by the idea of Dr. Joseph Vacanti 

and Dr. Robert Langer on designing appropriate scaffolds to generate functional tissue 

equivalents (Vacanti, 2006). In addition, drug and toxicity testing, and basic tissue 

development and morphogenesis studies are also included in the field of tissue 

engineering. Supplying enough cells is a critically important issue that the cells mostly 

derived from the donor tissue, or stem or progenitor cells. On the other side, the key 

factor for a functional tissue regeneration is offering an appropriate cellular environment 

to cells as their native tissue (Berthiaume, Maguire, & Yarmush, 2011). 

Studies in tissue engineering has shown that extracellular matrix (ECM) provides 

mechanical support for cells and, also plays a vital role in regulation of cell behaviors 

as shown figure 1.1 (F.-M. Chen & Liu, 2016; Pelipenko et al., 2015). With the 

development of technology novel biomaterials are produced that mimics the native 

ECM. The scaffold is defined as a device or system that simulates the cells in 

mechanical and chemical aspects acts as a template for tissue formation (O’brien, 2011), 

so it should mimic the functions of ECM, at least partially. Firstly, scaffold should be 

biocompatible that supports cell attachment and growth on it, so rejection of the material 
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by the host tissue can be minimized. Secondly, scaffold should have a porous structure 

that enables the transport of nutrients metabolites and cellular penetration, and void 

volume for vascularization. The pore size should be large enough to allow migration of 

cells into the structure, but small enough to provide high specific surface area. Thirdly, 

scaffold should provide an environment for cells to facilitate and regulate their 

activities. These materials are defined as bioactive that supports cells to have original 

morphology and alignment. Fourthly, the mechanical properties of scaffold should be 

similar with the host tissue. A mechanical stability until completion of regeneration is 

required for scaffolds. Also, stiffness of the scaffold affects the differentiation of stem 

cells to tissues such as bone, muscle and neuronal (Chan & Leong, 2008; O’brien, 2011). 

 

Figure 1.1: Schematic representation of extracellular matrix functions with cell-cell and 

cell-matrix perspective (F.-M. Chen & Liu, 2016) 

The scaffold with fibrous architecture produced by synthetic and/or natural polymers 

provides desirable properties that counterbalance the requirements of tissue 

regeneration as mentioned above. Electrospinning is the most commonly preferred 

scaffold producing technique that used to manufacture consistently nanometric and 

micrometric fibrous structures (Asghari et al., 2017; Nigam & Mahanta, 2014). 
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Electrospinning technique is available to be performed with both type of polymeric 

solutions that are of synthetic or natural polymers. These properties are gained much 

attention to electrospinning technique in last decades (Bhardwaj & Kundu, 2010). In 

this study, levan-based fibrous matrices were produced by using electrospinning for 

tissue engineering applications to investigate and represent the potentials of levan and 

its derivatives as a biomaterial in fibrous structure. Single-needle electrospinning was 

used to obtain electrospun matrices that is based on levan and its sulfated derivate by 

blending them polyethylene oxide. Also, polycaprolactone and sulfated levan were used 

in co-axial electrospinning technique that polycaprolactone was core polymer where 

sulfated levan was shell polymer. Then, surface, morphology, mechanical and biological 

characterizations were performed to investigate the characteristic properties of the 

electropun matrices. 

1.1.Polymers for scaffold production 

In general biomaterials are classified in two groups based on their origin that are natural 

and synthetic polymers (Nigam & Mahanta, 2014). Natural polymers can be represented 

as protein-origin polymers such as collagen, gelatin, silk fibroin and fibrin, 

polysaccharidic polymers such as chitosan, starch, alginate, hyaluronan and chondroitin 

sulfate, and polynucleotides that are DNA and RNA (Malafaya, Silva, & Reis, 2007; 

Nigam & Mahanta, 2014). Synthetic polymers can be divided as organic polymers such 

as polycaprolactone, polyethylene oxide, polyvinyl alcohol and polyurethane, and 

inorganic polymers such as silicone, polyphoshazenes and polysilanes (Manners, 1996; 

Nigam & Mahanta, 2014). Both have advantages and disadvantages compered to each 

other. Natural polymers are similar to the host tissue, nontoxic, biocompatible, 

degradable by enzymes that are in advantages of natural polymers. However, being 

sensitive to temperature, having a complex structure and possibility of disease transfer 

by polymer that is derived from plants or animals can be count as disadvantages of 

natural polymers (Asghari et al., 2017). On the other hand, synthetic polymers have 

thermal stability and good mechanical properties, so a wide range of shapes can be 

processed to synthetic polymers (Sionkowska, 2011). However, synthetic polymers do 

not support cells for attachment and growth on these materials. Hence, the scaffolds that 
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are combination of both natural and synthetic polymers are considered the best solution 

for the disadvantages these materials (Nigam & Mahanta, 2014). 

1.1.1. Polyethyleneoxide 

Polyethylene oxide (PEO) is a biodegradable, biocompatible, non-immunogenic and 

non-toxic polymer that already have applications in tissue engineering (Ahire, 

Robertson, van Reenen, & Dicks, 2017; G. Chen, Guo, Nie, & Ma, 2016). It is water 

soluble polymer that can be dissolved in both cold water and hot water, and also it is 

soluble in chloroform, ethanol and dimethylformamide (DMF) (Son, Youk, Lee, & 

Park, 2004). Its melting point is between 63 – 67 oC and the glass transition is between 

-50 to -57. The molecular weight of PEO ranges from 1x105 to 8x106 g/mol (Ma, Deng, 

& Chen, 2014), and the structure is represented in figure 1.2. However, PEO does not 

show intrinsic bioactivity that supporting protein and biomolecule interaction in vivo, 

so most of the researchers prefers blending it with bioactive biopolymers (G. Chen et 

al., 2016). PEO has been approved by the U.S. Food and Drug Administration, so have 

many applications especially in health and pharmaceutical industries (Knop, 

Hoogenboom, Fischer, & Schubert, 2010). It has been used in oral controlled release 

matrix tablets, bioadhesive hydrophilic matrices, osmatic pump tablet systems, thermal 

insulation and thermal conductivity that depends the filler type, hydrogel forming (Ali, 

Chipara, Lozano, Hinthorne, & Chipara, 2016; Ma et al., 2014; Xiao et al., 2016).  PEO 

has many applications in tissue engineering such as with chitosan for cartilage 

(Subramanian, Vu, Larsen, & Lin, 2005), with alginate for skin (Jeong, Krebs, Bonino, 

Khan, & Alsberg, 2010), and with carboxymethyl cellulose for nerve (Tos et al., 2016) 

and soft tissue engineering (Basu et al., 2017). 

 

Figure 1.2: The chemical structure of polyethylene oxide (Lee, Venable, MacKerell, & 

Pastor, 2008). 
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1.1.2. Polycaprolactone 

Polycaprolactone (PCL) is a synthetic polymer which is the most widely used one in 

bio-applications (Gunatillake & Adhikari, 2003). It is an aliphatic, thermoplastic and 

biocompatible polymer. This polymer has been used as implantable biomaterial and 

drug delivery support due to its low melting point and viscoelastic properties. A few 

products which PCL is used has been approved by the U.S. Food and Drug 

Administration and has CE Mark (Mondal, Griffith, & Venkatraman, 2016; Woodruff 

& Hutmacher, 2010). The molecular weight of the polymer varies between 3000 to 

80000 g/mol. PCL that the chemical structure is represented in figure 1.3 has a glass 

transition temperature of -60oC and melting point of 59-64oC (Hayashi, 1994). Mainly 

ring opening polymerization is preferred to produce PCL by using caprolactone as 

monomer. Also, many efficient catalysts such as metal catalysis, organic catalysis and 

enzymatic catalysis are used in the polymerization reaction. Although PCL can be 

degraded by bacteria and fungi, it is not biodegradable by human and animal due to lack 

of appropriate enzymes. Therefore, it is resorbed by hydrolysation at in vivo conditions 

and so it takes much longer degradation time (Mondal et al., 2016; Woodruff & 

Hutmacher, 2010). The semi crystalline structure of PCL provides a slow degradation 

rate that is almost 2 years (Gunatillake & Adhikari, 2003; Patel et al., 2015). Slow 

degradation gives advantages for long-term developing tissues and implantable drug 

delivery systems (Gunatillake & Adhikari, 2003). 

 

Figure 1.3: The chemical structure of polycaprolactone (Llorens et al., 2013). 

The use of PCL has been explored for various tissues such as bone (Hajiali, Tajbakhsh, 

& Shojaei, 2017), kidney (Burton, Corcoran, & Callanan, 2017), vascular (Abdal-hay, 

Bartnikowski, Hamlet, & Ivanovski, 2018), cartilage(da Silva et al., 2017), and cornea 

(Stafiej et al., 2017). There has been an increasing amount of studies that scaffolds have 

been produces from PCL blending with polysaccharides to increase the bioactivity of 

the biomaterial for tissue engineering applications such as gelatin for nerve (Ghasemi-

Mobarakeh, Prabhakaran, Morshed, Nasr-Esfahani, & Ramakrishna, 2008), chitosan for 
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retinal (H. Chen et al., 2011), alginate for bone (Kim & Kim, 2014), hyaluronan for skin 

(Z. Wang et al., 2016), and heparin for vascular (L. Ye et al., 2012) tissue engineering. 

1.1.3. Levan 

By being natural-based polymers, polysaccharides are mostly bioactive and avoid 

inflammation and toxicity (Mano et al., 2007). Also, having properties of similarity with 

extracellular matrix, chemical versatility and high biocompatibility that are curial in 

biological applications as in tissue engineering (Pina, Oliveira, & Reis, 2015). Natural 

polysaccharides show fewer side effects, but mostly desired activities cannot be 

observed because of their inherently physicochemical and structural properties. Thus, 

some methods are preferred to solve that problem by modifying the structure of 

polysaccharides. Dimensional structure, the substituent group variety, and positions, the 

molecular weight can be changed with respect to the performed modification method 

(S. Li et al., 2016). There are lots of chemical modification methods including sulfation 

(Erginer et al., 2016; H. Liu, Li, Zhou, Fan, & Fan, 2011), oxidation (Sarilmiser & Oner, 

2014; Y. Ye et al., 2017), carboxymethylation (Antosik, Wilpiszewska, & Czech, 2017; 

Osman, Oner, & Eroglu, 2017), phosphorylation (J. Liu, Luo, Ye, & Zeng, 2012; 

Oshima, Taguchi, Ohe, & Baba, 2011). Sulfated polysaccharides display various 

biological activity such as anticoagulant activity (Erginer et al., 2016), anti-oxidant 

activity (Fimbres-Olivarria et al., 2018), anti-tumor activity (Yu et al., 2017), anti-

inflammatory (K. Zhang et al., 2017) and stem cell differentiation (K. Zhang et al., 

2017). 

Levan is an unusual homopolysaccharide that is composed of beta-(2→6)-fructose 

monomers as seen in figure 1.4  (Kırtel, Avşar, Erkorkmaz, & Öner, 2017). It is 

produced by various plants and microorganisms with the fascinating combination of 

properties. It stands out from other water soluble, biocompatible and film forming 

biopolymers with its unusual features such as very low intrinsic viscosity, high adhesive 

strength, health benefits and its ability to gel alcohol (Öner, Hernández, & Combie, 

2016). Though known for more than a century, recent efforts to associate its unique 

properties with high value applications revived the interest in this underexplored 

polysaccharide and made levan a focus of scientific and industrial interest (Donot, 

Fontana, Baccou, & Schorr-Galindo, 2012; Freitas, Alves, & Reis, 2011; Öner et al., 
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2016). Halomonas smyrnensis is an extremophilic bacteria that grows in halophilic 

environment and produces levan - named Halomonas Levan (HL) – with a molecular 

weight of >1x106 Da by using sucrose as a carbon source. Levan is commonly branched 

that is produced from several bacterial strains such as Paenibacillus polymyxa (Han & 

Watson, 1992), Microbacterium laevaniformans (Oh, Yoo, Bae, Cha, & Lee, 2004),  

Gluconacetobacter diazotrophicus (Hernandez et al., 1995), Zymomonas mobilis 

(Calazans, Lopes, Lima, De Franc, & others, 1997). Unlike the mentioned bacterial, H. 

smyrnensis produces unbranched linear levan (Öner et al., 2016). High yield production 

of HL provides industrially importance by low-cost production due to the advantage of 

the unsterile process of halophilic fermentation broth (Sarilmiser, Ates, Ozdemir, Arga, 

& Oner, 2015). As a water soluble, biocompatible and film-forming polymer, HL has 

distinguishing properties such being anti-oxidant (Kazak et al., 2014) and anti-cancer 

(Sarilmiser & Oner, 2014). Also, previous studies demonstrated its potential uses as 

drug carries in nano and micro forms (Sezer et al., 2017; Sezer, Kazak, Öner, & 

Akbu\uga, 2011), multilayer adhesive films (Costa et al., 2013), blend films (Bostan et 

al., 2014), temperature responsive hydrogels (Osman et al., 2017) and nanostructured 

bioactive surfaces by laser deposition (Axente et al., 2014; Sima et al., 2012). In 

addition, its sulfated derivative (ShHL) showed dose dependent heparin mimetic 

activity with its high biocompatibility that makes it suitable for functional biomaterial 

in designing engineered smart scaffolds (Erginer et al., 2016). 

 

Figure 1.4: Chemical structure of Halomonas levan 

Sulfated polysaccharides can be obtained naturally or chemically synthesized. Many 

studied reported that sulfated polysaccharides show stronger biological activity (Y. Lu, 

Wang, Hu, Huang, & Wang, 2008), high antiviral (Ghosh et al., 2008), anticoagulant 

and antiplatelet coagulation (Alban, Schauerte, & Franz, 2002), and antioxidant 

activities (Alban et al., 2002). 
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1.1.4. Heparin mimicry 

Heparin is a widely used sulfated polysaccharide as a lifesaving drug with the properties 

of anticoagulant by binding antithrombin and heparin cofactor II that provides 

inactivation of enzymes responsible for coagulation (Casu, Naggi, & Torri, 2015; 

Nogueira, Drehmer, Iacomini, Sassaki, & Cipriani, 2017). Heparin belongs to 

glycosaminoglycan family and has a linear structure that consists of 1→4 linked 

disaccharide sequences of glucosamine and uronic acid residues as seen figure 1.5 

(Liang & Kiick, 2014). It has an average molecular weight of ~17-19 kDa that purified 

from bovine or porcine tissues (Groner, Ng, Wang, & Udit, 2015). The sulfate that is 

found in the structure with an average of 2.7 sulfates per disaccharide repeats provides 

a high negative charge to heparin. This negative charge mediates electrostatic 

interactions with various proteins such as growth factors, chemokines and proteases. 

This interaction provides stabilization of proteins and increases the affinity of proteins 

for cell receptors (Groner et al., 2015; Liang & Kiick, 2014). It is known that heparin 

has a tendency to bind specifically vascular endothelial growth factor (VEGF) and basic 

fibroblast growth factor (FGF) that are angiogenic growth factors (Spadaccio et al., 

2010). 

 

Figure 1.5: Structure of heparin with major ( 85%) and minor (15%) (Liang & Kiick, 

2014). 

Besides the using of heparin as a drug, heparin-conjugated materials are seen as good 

candidates for anti-coagulation of blood-contacting biomaterials (L. Ye et al., 2011). On 

the other side, heparin has known to inhibit the proliferation of many kinds of cells such 

as fibroblasts, vascular smooth muscle cells and mesangial cells (F. Chen, Huang, & 

Mo, 2010). Guyton and his team studied arterial smooth muscle cell proliferation by 

heparin and showed that heparin inhibits smooth muscle cell proliferation and inhibition 
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is not mediated by effects on other cells or by antithrombin (Guyton, Rosenberg, 

Clowes, & Karnovsky, 1980). Loung-Van and his co-workers also reported the 

inhibition of smooth muscle cell proliferation by using polycaprolactone electrospun 

nanofibers that were blended with heparin (Luong-Van et al., 2006). The fibers that 

released heparin reduced the net cell growth with a ratio of 40% compared to heparin-

free control groups. In addition, inhibition of fibroblast cells by heparin was proved by 

Del Vecchio by using scleral fibroblasts for ocular trauma and surgical wound healing 

(Del Vecchio, Bizios, Holleran, Judge, & Pinto, 1988). The proliferation of fibroblasts 

(2.6 doublings) that was treated with heparin was lower than proliferation of non-treated 

control groups (4.9 doublings) with a ratio of nearly 50 percent. Beside levan-based 

biomaterials, these findings lead to consider of investigation the usage of levan sulfate 

that has heparin-like activity as an anticoagulation agent for blood-contacting 

biomaterials. The chemical structure of sulfated Halomonas levan is represented in 

figure 1.6. 

 

Figure 1.6 : The chemical structure of sulfated Halomonas levan 

1.2.Techniques for scaffold production 

Scaffolds are the biomaterials that can be produced from synthetic polymers, natural 

polymers and ECM molecules by using several techniques that some of them are shown 

in figure 1.7 (Nigam & Mahanta, 2014). In tissue engineering applications, scaffolds 

should be biodegradable, biocompatible, nontoxic, non-mutagenic and non-

immunogenic (Asghari et al., 2017; Bacakova, Novotná, & Parizek, 2014). Mimicking 

porous structure of ECM is the most important key factor to be a functional scaffold that 

supports an environment to the cell similar to native tissue. The scaffolds that are 

produced by hydrogels, electrospinning, gas-foaming, salt leaching and freeform 

fabrication techniques shows similarities to native ECM.  
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Figure 1.7: Different methods using for fabrication of scaffold (Nigam & Mahanta, 

2014). 

Hydrogels are polymer networks that are crosslinked chemically or physically. They are 

defined as water-swollen due to the capability of absorbing large amounts of water. 

Various parameters that are preparation method (homopolymer, or copolymer 

hydrogels), mechanical and structural characteristics (amorphous, semicrystalline, 

hydrogen-bonded, supramolecular, or hydrocolloidal), and the overall charge (neutral, 

anionic, or cationic) are used in the classification of hydrogels (Van Vlierberghe, 

Dubruel, & Schacht, 2011). Hydrogels are attractive especially for drug delivery and 

regeneration of soft tissues due to their characteristic properties. However, difficulty to 

shape into predesigned geometries and low mechanical strength are the main 

disadvantages of hydrogels (Billiet, Vandenhaute, Schelfhout, Van Vlierberghe, & 

Dubruel, 2012). 

In gas foaming technique, the melted polymer is exposed to gases such as N2 and/or 

CO2 at high pressure to blow the polymer physically then the pressure is increased to 

atmospheric pressure. Hence, an interconnected porous structure is formed that cells can 

migrate and transport of biomolecules can occur (Sachlos, Czernuszka, & others, 2003). 

Due to avoiding from organic solvent usage, gas foaming has advantages to provide 

nontoxic environment compared to organic solvents. However, difficulties in processing 

due to rheological and mechanical properties are the main disadvantages of gas-foaming 

technique.  (Salerno, Netti, Di Maio, & Iannace, 2009). 

The polymer solution is mixed with a water-soluble salt such as sodium chloride or 

sodium citrate particles, and the desired shape for scaffold is obtained by using molds 
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in salt leaching technique. After evaporation or lyophilization of solvent, the salt 

particles are leached out. Hence, a porous structure is obtained with the desired scaffold 

shape. Salt leaching technique has many advantages of simplicity of processing and 

controlling pore size and pore number by controlling salt size and salt concentrations. 

However, the shape of pore must be in cubic crystal salt geometry. Also, the thickness 

of the scaffold should be low to allow removing of salt particles (Hou, Grijpma, & 

Feijen, 2003; X. Liu & Ma, 2004). 

Selective laser sintering, stereolithography and 3D printing are the examples of freeform 

fabrication that the material or energy is delivered sequentially (Nigam & Mahanta, 

2014). This layer-by-layer additive manufacturing allows constructing scaffolds that 

internal and external geometrical properties are controlled (Williams et al., 2005).  

Selective laser sintering is a rapid prototyping technique that the desired shape is defined 

computationally. A bed of powder is used in selective laser sintering technique. When 

the laser scans the surface of the powder bed, the temperature is increased and the 

powders fuse together. This method is rapid and easy to use (Williams et al., 2005). 

However, some polymers decompose under laser instead of fusing and high energy 

comes by the laser may cause the increase in mechanical properties at the final parts that 

result in inaccurate dimensions in the final structure (Shirazi et al., 2015). 

Stereolithography based on photopolymerization of photosensitive monomer resin by 

UV radiation. The scan of UV light on the resin surface provides a thin structure based 

on the defined shape computational, then the process continues until final scaffold is 

obtained (Bikas, Stavropoulos, & Chryssolouris, 2016; Mota, Puppi, Chiellini, & 

Chiellini, 2015). Stereolithography provides the advantage of not using a support 

material, and it is rapid and easy to produce scaffolds. However, UV light intensity can 

induce polymer degradation, the mechanical strength of the obtained scaffold is mostly 

low, and control of surface topology is poor with stereolithography (Mota et al., 2015). 

3D printers use inject printing technology that contains powder supply and a binder print 

head. The polymerization of monomers that are in powder form is achieved by the 

binder that is supplied with a head (Bikas et al., 2016). The 3D printers that are used in 

tissue engineering are generally based on extrusion of the polymer. Extrusion-based 

systems use motor acquitted plunger or pneumatic to deposit the polymer layer-by-layer. 

The system is calibrated for each polymer by adjusting nozzle size and nozzle geometry, 



12 

 

and deposition rate. In addition, 3D printers allow cells to be deposited with or without 

polymers for production of 3D structures that is called 3D bioprinting (Sears, Seshadri, 

Dhavalikar, & Cosgriff-Hernandez, 2016). The 3D printer provides high production rate 

(Mota et al., 2015). However, the main disadvantage of 3D printing is short solidifying 

time for deposited polymers. The polymer should be liquid to be able to extrude from 

the nozzle, and after extrusion, the polymer should be solidify rapidly to get the desired 

shape that is predefined (Sears et al., 2016). 

Electrospinning is a method that produces polymeric fibers by using high voltage supply 

to evaporate the solvent while nanometric and micrometric polymer fibers occur 

(Asghari et al., 2017). It provides ECM-like structure by providing dense fibers, tunable 

porosity and adjusting fiber composition (Bhardwaj & Kundu, 2010). The details of 

electrospinning methods have been explained in section 1.3.2. 

1.2.1. Fibrous scaffold production methods 

The main idea of scaffolding is to mimic the native ECM to provide a natural 

environment for cells to obtain functional tissue. Fibers can mimic the natural ECM to 

provide cell support results having great potential to produce biomedical scaffolds 

(Repanas, Andriopoulou, & Glasmacher, 2016). Polymeric nanofibers are promising 

materials due to not only ECM structure similarity but also their mechanical properties 

(Pelipenko et al., 2015). They have a curial role in tissue engineering through cell 

seeding, proliferation, and new tissue formation (Asghari et al., 2017). Therefore, 

polymeric materials in fibrous structure are one the most preferred scaffold to mimic 

ECM and support tissue regeneration. 

Phase separation, self-assembly and electrospinning are the techniques that are used to 

produce fibrous structure for tissue engineering applications, and the schematic 

representation is shown in figure 1.8. In phase separation technique, polymer is 

dissolved in a solvent, then thermal-cooling or non-solvent exchange that induces the 

gelation is performed. Therefore, polymer rich phase occurs. The solvent is replaced by 

water and then scaffold is frozen for lyophilization. This technique produces fibrous 

scaffold that the fiber diameter is changed between 50 to 500 nm (Wade & Burdick, 

2012, 2014). Self-assembly is a spontaneous process that is molecules (such as peptides 

and proteins) forms ordered fibrillary structures through several interactions such as van 
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der Waals interactions, electrostatic interactions, hydrogen bonding, and hydrophobic 

interactions (Smith, Liu, & Ma, 2008). This process is initiated by mixing two molecules 

or an external stimulus such as pH, ionic strength and temperature (Wade & Burdick, 

2014). 

 

Figure 1.8: Schematic of fibrous structure production techniques used in tissue 

engineering applications. a) phase separation technique and b) self-assembly technique 

(X. Wang, Ding, & Li, 2013). 

1.2.2. Electrospinning method 

Electrospinning (electrostatic fiber spinning) (Mirjalili & Zohoori, 2016) is the most 

widely preferred technique to construct fibrous biomaterials. It provides continuous 

fibers with different scales from nanometres to wider dimensions. This technique 

catches the eyes of both academia and industry by being able to apply for various 

materials such as natural and synthetic polymers. The first studies for this technique 

were in 1745s (Braghirolli et al., 2014), and the first patent recorded in 1934 by Anton 

who introduced an apparatus to produce polymeric filaments by electrostatic repulsions 

between surface charges of polymer solution and collector (Anton, 1934). Until 1990s, 

there was no interest to manufacture biomaterials commercially with the technique of 

electrospinning (Braghirolli, Steffens et al. 2014). In recent years, electrospinning 

studies have grown exponentially with its various application areas, ability to produce 

complex constructions and improving the mechanical properties. 
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Electrospinning uses an electrical field to produce fine polymeric fibers. The technique 

is simple and inexpensive. Basically, the machine comprises three components; a spinet 

with a pump, a collector and a high voltage supplier as seen figure 1.9. As a spinet, small 

diameter metal capillary needle is generally preferred. High voltage causes a jet of 

polymer solution that travels from spinet to collector. Before reaching the collector, 

solvent in the jet evaporates and fibers are collected. The electrical field is applied 

through both the electrode into the solution and the collector. Increasing the field causes 

hemispherical shape at the tip of the syringe. Then this hemispherical shape creates a 

cone that is called Taylor cone. With high electrical field, electrostatic force overcomes 

the surface tension of polymer solution that causes the elongation of Taylor cone means 

a jet is created towards the collector. The jet moves a certain distance in a straight way, 

then it moves in a spiral path. Evaporation of solvent occurs on the path because of jet 

instability and tension (Asghari et al., 2017). 

 

Figure 1.9: Schematic representation of electrospinning method (Pelipenko et al., 2015). 

Electrospinning process is affected by solution parameters, process parameters and 

ambient parameters (Z. Li & Wang, 2013). Solution viscosity and surface tension are 

critical keys for fiber morphology. The formation of droplets or particles have occurred 

with tendency of surface tension to reduce the surface area per unit mass. Polymer jet 

to smooth fibers occurs when viscoelastic forces promote (Kong & Ziegler, 2013). The 

concentration of polymer solution influences the stretching of charged jet. When 

polymer concentration is very low, polymer chains break into fragments and 

electrospray occurs due to low viscosity and high surface tension of the solution (Haider, 

Haider, & Kang, 2015; Z. Li & Wang, 2013). At the appropriate concentration, smooth 

fibers can be observed. If the concentration is very high, helix-shaped micro-ribbons 

will be obtained (Z. Li & Wang, 2013). Solution conductivity meanly influences the 
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Taylor cone formation which is essential to get a polymer jet. If conductivity is low, 

Taylor cone does not occur and so electrospinning cannot be performed (Haider et al., 

2015). And until a critical point, increasing the conductivity also causes decrease of 

fiber diameter (Haider et al., 2015; B. Sun et al., 2014). The role of solvent is also 

important for electrospinning method. Two things need to be paid attention to solvent 

selecting. First, the polymer should be dissolved completely in the preferred solvent. 

Second, the boiling point of the solvent should be appropriate due to solidification with 

very low boiling point and non-solidification during spinning with very high boiling 

point (Haider et al., 2015; Sill & von Recum, 2008; B. Sun et al., 2014). 

Electrospinning has many advantages by being easy to use. However, the process 

parameters such as applied voltage, flow rate, collector-tip distance highly affect the 

result of the process. The applied electrical field is important to achieve Taylor cone and 

form the jet by electrostatic repulsive forces on the fluid jet (Okutan, Terzi, & Altay, 

2014; Sill & von Recum, 2008). The applied voltage also has a role in fiber diameter 

that increasing the voltage results in decrease in nanofiber diameters. High voltages 

cause high dimeters of fibers, and bead formation can be observed with very high 

voltages (Okutan et al., 2014). Flow rate of polymer solution influences the fiber 

diameter. To get enough polymerization between tip and collector, low flow rate is 

generally recommended. High flow rates cause the fibers with large diameters and bead 

formation (Haider et al., 2015; Sill & von Recum, 2008). The distance between collector 

and tip is also one of the parameters, which influence the fiber diameter and 

morphology. The solidification of the polymer solution will not have enough time with 

too short distance. Therefore, very thick fibers or non-porous matrices will occur. 

Generally increasing the distance results in decrease the fiber diameter. Also, if the 

distance is too long, fibers cannot occur (Haider et al., 2015; Sill & von Recum, 2008). 

The ambient parameters such as temperature and humidity also affect the fiber diameter 

and morphology. Increasing the temperature results in thinner fibers, whereas viscosity 

will also decrease. This inverse relationship forces the process to be carried out in 

critical ranges of temperature and viscosity. Low humidity leads the rapid drying of the 

solvent, so it favors thinner fiber diameters (Bhardwaj & Kundu, 2010; Haider et al., 

2015). As also pointed out for levan by Manandhar and coworkers (Manandhar, 

Vidhate, & D’Souza, 2009), biopolymers are usually soluble in aqueous solutions which 
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in turn generates difficulties in forming homogeneous fibers due to their poor molecular 

flexibilities, being polyelectrolytes when dissolved and most importantly due to 

insufficient entanglement (Drosou, Krokida, & Biliaderis, 2017; J.-W. Lu, Zhu, Guo, 

Hu, & Yu, 2006). Therefore, using a fiber-forming polymer as a template is the most 

preferred technique for electrospinning to overcome these difficulties (Drosou et al., 

2017; J.-W. Lu et al., 2006; Y. Z. Zhang, Su, Ramakrishna, & Lim, 2007). 

The improvement of quality and the functionality of the produced fiber matrices is the 

main reason that various modifications have been done in the basic electrospinning 

process. One of these modifications which is called co-axial electrospinning (also called 

two-fluid electrospinning) has gained much attention by having similar set-up process 

with basic electrospinning. The technique was first reported by Loscertales et al. 

(Loscertales et al., 2002) in 2002 with produced capsules in electrospraying method. 

And it is developed under the name of co-electrospinning by Sun et al. (Z. Sun, 

Zussman, Yarin, Wendorff, & Greiner, 2003) in 2003 with produced nanofibers in core-

shell structure. A modification in the spinneret is done for co-axial electrospinning. A 

thinner capillary is set in the bigger capillary as shown in the figure 1.10. In this process, 

two different polymer solutions are derived from the co-axial spinneret independently. 

When the polymer solutions are charged due to applied high voltage, the Taylor cone 

appears and a jet that contains both polymers occurs. Because the method is similar to 

conventional electrospinning technique, all mentioned before parameters also affect the 

co-axial electrospinning process (Elahi, Lu, Guoping, & Khan, 2013; Moghe & Gupta, 

2008). Co-axial electrospinning technique can also be preferred when the shell solution 

is not able to electrospinnable (Sultanova, Kaleli, Kabay, & Mutlu, 2016). 
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Figure 1.10: Schematic of co-axial electrospinning (Sultanova et al., 2016). 

Electrospun fibers are suitable candidates for biomedical and drug delivery applications 

by having important properties such as high porosity, adjustable pore size, high surface-

to-volume ratio, and morphological similarity to ECM. On the other hand, electrospun 

fiber matrices have applications increasingly in tissue engineering scaffolds, wound 

dressings for healing, filtration processes, biosensor systems, protective clothing, 

energy generations, immobilization of enzymes, affinity membranes and cosmetics 

(Bhardwaj & Kundu, 2010). 

Electrospun matrices have advantages with their very small pore size in the filtration 

industry. Kang et al. (Kang & Kang, 2016) used zeolite in polymeric solution to produce 

an electrospun fiber matrices which can perform both filterings out the dust particles 

and dehumidification. They found that the films with polyvinylidene fluoride and zeolite 

have potential to manufacture cost effective filtering material. Ramos et al. (Ramos, 

Morales, Goyanes, Candal, & Rodr’\iguez, 2016) produced humidity sensor with 

polyvinyl alcohol and multi-walled carbon nanotubes by taking advantages of high 

area/volume ratio of electrospun matrices. Some functionalization operations with of 

multi-walled carbon nanotubes tend to damage the structure. However, Ramos and his 

group achieved this problem with the used electrical field of electrospinning method by 

carbon nanotube deposition onto the surface of the polymer. Yao et al. (Z.-C. Yao, 
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Chang, Ahmad, & Li, 2016) preferred coaxial electrospinning of rose hip seed oil and 

zein prolamine for food preservation. They directly covered the electrospun films onto 

fruits and observed for 7 days. The results showed that electrospun packaging improved 

food sustainability and reduced waste.  

Shao and his group (Shao et al., 2016) worked on bone tissue engineering by preparing 

multilayer electrospun fabric. They reported that the scaffolds provided mesenchymal 

stem cell adhesion and proliferation. And in vivo new bone formation was also reported 

with biomimetic architecture, high biocompatibility and good mechanical properties. 

Electrospun fibrous matrices have high potential for wound healing that was proved by 

Vigneswari and his group (Vigneswari, Murugaiyah, Kaur, Khalil, & Amirul, 2016). 

P(3-hydroxybutyrate-co-4-hydroxybutyrate) and collagen peptides were used as 

polymer solution in electrospinning process using dual syringe system. The electrospun 

fibrous matrices showed highest wound closure with a percentage of 79% in animal tests 

by mimicking the natural tissue. 

Sultanova et al. (Sultanova et al., 2016) produced core-shell fibers which were 

ampicillin loaded to provide controlled release of drug. The drug release kinetics of 

core-shell products was observed closer to zero-order kinetics while serious burst 

release was showed by the drug release kinetics of single electrospinning products. 

Immobilization of cyclodextrin glucanotransferase which is industrially important was 

performed by Saallah et al. (Saallah et al., 2016). They applied co-electrospinning with 

a single spinneret by using polyvinyl alcohol with enzyme. The enzyme immobilization 

with electrospinning showed nearly 2.5-fold higher enzyme loading and 31% higher 

enzyme activity in compression with film. 
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2. MATERIALS AND METHODS 

2.1.Materials 

Halomonas levan (HL) was produced by microbial fermentation under controlled 

bioreactor conditions and purified as reported before (Poli et al., 2009; Sarilmiser et al., 

2015). Polycaprolactone (PCL, Mw=80,000) and polyethyleneoxide (PEO, 

Mw=300,000), and solvents tetrahydrofuran (THF) and dimethylformamide (DMF) 

were purchased from Sigma-Aldrich (Poole, UK). 

2.2.Laboratory equipment 

Analytic Balance (252 g / 0.1 mg)  : AND A&D Company Limited, Japan  

Autoclave (Mod3870 Elv)   : Systec, Germany 

Automatic Pipettor Sets (Research plus) : Eppendorf, Germany 

Centrifuge (Z36HK)    : Harmle, Germany 

Centrifuge (NF 800)    : Nüve, Turkey 

Deepfreezes (-80 °C)    : Heto Holten, Denmark 

Freezer (-20 °C)    : Arçelik, Turkey 

Refrigerator (4°C)    : Arçelik, Turkey 

Heating Magnetic (StirrerMr3003s)  : Heidolph,Germany 

Laminar Flow Cabinet (MN 090)  : Nüve, Turkey 

Ovens (Oven Bd115)    : Binder, Germany 

pH Meter (Mp 220k)    : Mettler Toledo   

Spectrophotometer (UV/Vis, Lambda35) : Perkin Elmer 

Vortex      : Heidolph, Germany 

Water Purification Systems   : Elga PURELAB, UK 

T25 and T75 Cell Culture Flasks   : TPP, USA 

Disposable Pipette (5, 10, 25 ml)  : TPP, USA  
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Well Plates (6, 12. 24, 96)   : TPP, USA 

Inverted Light Microscope    : SOIF XDS-IB, Turkey 

Sterile Incubator (USA)   : Thermo Scientific Steri-cycle CO2, USA 

Electrospinning Unit    : Inovenso co., Turkey 

2.3.Production of Halomonas Levan 

Halomonas levan as an exopolysaccharide was obtained from Halomonas symrnensis 

AAD6T (Poli, Nicolaus, Denizci, Yavuzturk, & Kazan, 2013) that was isolated form 

Çamaltı Saltern Area (Izmir, Turkey). The produced Halomonas levan was obtained by 

removing of bacteria from the broth using centrifugation at 10000 rpm for 20 min, then 

broth was removed by precipitation of levan with alcohol at a ratio of 1:1 ethanol:levan-

containing-broth. The precipitate was separated from the supernatant using centrifugation 

at 12000 rpm for 30 min. The precipitated Halomonas levan was dissolved in hot distilled 

water for purification step that consisted of dialysis against distilled water for at least 3 

days and column chromatography using a DEAE-Sepharose CL-6B. 

2.4.Hydrolysis of Halomonas Levan 

HL is a large homopolymer with an average molecular weight of 1483 kDa (Sarilmiser 

et al., 2015), and forms spherically symmetrical globular conformation in aqueous 

solutions due to extensive intermolecular hydrogen bonding (Sima et al., 2012). Hence, 

lowering the molecular weight of HL may help to achieve that entanglement problem and 

increase the solubility of the polymer as suggested by (Osman et al., 2017).  

Hydrolysis of HL was performed by slightly modifying a fast and efficient microwave-

assisted acid hydrolysis method (de Paula, Pinheiro, Lopes, & others, 2008) where 5% 

(w/v) HL in acetic acid solution was subjected to microwave irradiation for 60 secs at 

60% of the maximum power of the machine. Hydrolysis products were precipitated with 

ethanol, dried in a vacuum oven and then milled to obtain powdered hHL samples. Thin 

layer chromatography (TLC) was performed by loading solutions onto lines that were 

drawn on thin layer plaque with the distance of 1 cm between each line. 10 mg/mL of 

sucrose, glucose and fructose solutions were preferred as standard samples. The used 

solutions contained levan, sucrose, glucose, fructose and hHL respectively. Following the 
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loading of solution, plaque was left for 4 hours into the tank that contained butanol, acetic 

acid and dH2O with a ratio of 6:2:2. The occurred bands were observed on the dried 

plaque that was stained with -naphthol. 

Multi-angle laser light scattering - gel permeation chromatography (MALSS-GPC) 

system that was equipped with an Ultrahydrogel Linear (0.78 x 30 cm, Waters) column 

was used for molecular weight measurements. Analyses were done at 25°C with 0.1 M 

NaNO3 in 2% (v/v) acetic acid mobile phase supplied to the system at a flow rate of 1.0 

ml/min. The spectral analysis of hHL was performed by using Fourier transform infrared 

spectroscopy (FTIR) in single attenuated total reflectance (ATR) mode (JASCO 4700, 

USA). 

2.5.Sulfation of Halomonas Levan 

Sulfated derivatives of hHL were prepared by following a previously optimized method 

(Erginer et al., 2016). hHL suspension (2 %, w/v) in pyridine was stirred for 48h at room 

temperature. An ice bath was prepared to add 1.5 mL chlorosulfonic acid (CSA) drop 

wise for each gram of hHL onto hHL-pyridine solution. After stirring for 24h, saturated 

sodium carbonate (Na2CO3) solution was added to the solution for neutralization. By 

leaving for 24h at room temperature, phase separation was achieved. The upper phase 

that contains pyridine was removed by using a peristaltic pump, and the lower phase that 

contained sulfated polymer was dialyzed against distilled water at least 7 days. The 

dialyzed suspension was dried at vacuum oven, and dry sulfated hydrolyzed Halomonas 

levan (ShHL) was powdered for further processes. To determine the efficiency of 

sulfation process, elemental analysis of ShHL was performed by using an energy 

dispersive X-ray (EDX) spectroscopy on scanning electron microscope (SEM) (JEOL 

JSM-5910V, USA). Five different spectrum analyses were made to determine the 

percentage of a sulfur atom for each carbon atom. 

2.6.Electrospinning process 

Organic solvents are mostly preferred for synthetic polymers such as polycaprolactone 

(PCL) (Ahmed, Lalia, & Hashaikeh, 2015; Bhardwaj & Kundu, 2010) and in this study, 

PCL (10%, w/v) was dissolved in THF:DMF (1:1, v/v) solvent mixture (Croisier et al., 

2012). PEO (5%, w/v) was dissolved in distilled water. ShHL (1,3,5, 7 and 10 %, (w/v)) 
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and hHL (1,3,5, 7 and 10 %, (w/v)) were dissolved in distilled water with agitation at 

room temperature. A Viscometer (Brookfield, USA) and a conductivity meter (WTW 

Cond-3110, Germany) were used to determine viscosity and electrical conductivity of the 

solutions that fibrous matrices were obtained successfully. 

Fibrous matrices were fabricated by co-axial electrospinning and single-needle 

electrospinning via a laboratory scale electrospinning unit (NS24, Inovenso co., Turkey), 

and the units are represented in figure 2.1, schematically. PCL+ShHL, and PEO/hHL or 

PEO/ShHL were used for co-axial and single needle electrospinning, respectively.  The 

polymer solutions for each technique were placed into a 5-ml syringe and perfused by 

individual pumps. The co-axial electrospinning was performed with a co-axial needle 

where the inner diameters of inner and outer needles were 1300 m and 2700 m, 

respectively. PCL was used as core polymer while ShHL was located at the shell. The 

single-needle electrospinning was done with a blend of polymer solutions using a single 

needle that the inner diameter was 1300 m. All experiments were carried out at ambient 

temperature. 

 



23 

 

Figure 2.1: Schematic illustration of the experimental set-up of A) single-needle 

electrospinning and B) co-axial electrospinning processes using apparatus a) pump, b) 

high voltage power supply and c) collector. 

2.7.Mechanical, Surface and Morphological Characterization 

Samples were cut into dimensions of 3 cm x 1 cm, then the thickness of the electrospun 

matrices was measured by using a digital micrometer (C/N 293/100, Mitutoyo, Japan) 

with 0.0001 mm accuracy.  Mechanical tests were performed by recording the maximum 

force, elongation at break and elastic modulus during extension at 5 mm min-1 by Instron 

4411 mechanical tester (Norwood, MA, USA) at 21oC. Tensile strength was calculated 

by dividing the applied maximum force by the initial cross-sectional area of the sample. 

Three measurements were performed for each sample. 

The surface chemistry of electrospun matrices was examined using FTIR-ATR (JASCO 

4700, USA) that was equipped with a standard Ge/KBr detector. The samples were 

prepared by pressing the substances with the detector for FTIR spectroscopy analysis. 

The mid-IR region from 4000 to 400 cm-1 was used to collect spectra as an average of 30 

scans with the resolution of 1 cm-1. FTIR spectra were recorded by Spectra Manager® 

Suite cross-platform software that is compatible with Windows 7 Pro platform. 

Morphology of the fibrous matrices was observed by using JEOL JSM-5910V scanning 

electron microscope (SEM) at an accelerating voltage of 20 kV. Samples were cut and 

coated with gold (60s) before imaging. Fibrous diameters were calculated by Image J 

using SEM images and the histograms were obtained by using Python 3.6.0. All 

experiments were performed at room temperature. 

2.8.Biological Characterization 

2.8.1. Cell Culture 

A frozen cell line vial was transferred immediately to 37oC to apply fast thawing. When 

the cell solution was thawed by the percentage of nearly 80%, pre-warmed cell culture 

medium was added onto cell suspension drop by drop. After homogenization of the cell 

suspension, centrifugation at 1100 rpm for 5 min was applied to remove DMSO from the 

cell environment. The supernatant was discarded and the pellet was homogenized with 
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fresh culture medium. The cells were seeded into T25 flasks and left for incubation at 

37oC and 5% CO2 containing environment. 

The cells which are L929 fibroblasts and HUVECs are all adherent cells. The cell culture 

medium was DMEM supplemented with 10% FBS, 100 U/mL penicillin and 100 g/mL 

streptomycin. The passaging of 70%-confluency-reached-cells were initiated with the 

trypsinization with trypsin–EDTA. Fresh cell culture medium was added onto trypsinized 

cell suspension to stop the activity of trypsin. The cell suspension was collected from the 

tissue flask and centrifuged at 1100 rpm for 5 min. After removing the supernatant, the 

cells were seeded into new tissue flasks according to their passage ratio with an increased 

passage number. After all, the cells were left into the incubator and the medium was 

refreshed every 2-3 days until 70% confluency was observed. 

For cryopreservation, the exponentially growing cells were trypsinized and after 

inactivation of trypsin cell suspension was collected for centrifugation. Centrifugation 

was performed at 1100 rpm for 5 min. After cell counting cells were homogenized into 

PBS and centrifuged again at the same conditions. The cell pellet was re-suspended into 

the freezing solution which contained DMSO and FBS with a ratio of 1 to 9. The 

suspension was transferred to 1mL screw-capped cryotubes. After labeling tubes were 

left at -80oC. It is known that DMSO is toxic to cells, because of that Thawing should be 

done immediately and freezing should be performed slower than thawing and fast enough 

to prevent any damage to cells.   

2.8.2. Biocompatibility tests 

All matrices were cut into square with 1 cm x 1 cm and placed into 24-well cell culture 

plates for biological characterization. Samples were sterilized with alcohol gradient series 

before rinsing with PBS for 5 times. For stabilization, samples were left in cell culture 

medium at 37oC overnight prior to cell seeding. Mouse fibroblast cell line L929 and 

human umbilical vein endothelial cells (HUVECs) were seeded onto matrices at a density 

of 2x104 cells/well for each sample. The cultures were maintained at 37oC in a humidified 

air of 5% CO2 incubator. The cells were seeded into tissue culture plates without any 

scaffold were used as the  control group that the number of viable cells were 41250760, 

84940620 and 130690410 per well at 24h, 48h and 72h, respectively. Cell metabolic 
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activity on fibrous samples was examined with WST1 (4-[3-(4-iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) cell proliferation and viability 

assay kit (Roche Applied Science, Germany) for 24h, 48h, and 72h. WST1 works 

similarly to MTT cell viability assay by reacting mitochondrial succinate-tetrazolium 

reductase that resulted in formazan dye. Compared to MTT, the formazan that is produced 

in WST1 assay is soluble in dH2O, so the reaction product can be analyzed directly 

without a solubilization step. WST-1 reagent was added directly into culture after a 

determined culture time and incubated for 2h in 5% CO2 humidity at 37oC as 

recommended by the manufacturer. The absorbance was measured with a GloMax 

Multi+Microplate Multimode Reader (Promega, USA) at 450 nm. Cell viability was 

reported as the percentage of cell viability compared to control group that was calculated 

by the formula of (average of cell viability on fibrous matrices / average of control group) 

* 100%.  

Cell biocompatibility was also visualized by DAPI staining of cells which were seeded 

on fibrous samples that were produced by co-axial electrospinning technique. The 

medium was removed from cell culture well and the fibers with cells were rinsed with 

PBS. 4% paraformaldehyde solution was added onto fibers and left for 30 min at room 

temperature. After removing the paraformaldehyde solution fibers were rinsed with 

ethanol solution at 70, 80 and 96% concentrations, respectively. DAPI solution was added 

onto fibrous matrices and left for 15 min in dark.  Washing the matrices with 96% ethanol 

solution was done before air dry of matrices. A florescence microscope (Olympus BX51, 

USA) was used to observe the stained cells. All biological characterization analyses that 

include cell metabolic activity with WST1 assay kit and cell biocompatibility with DAPI 

staining were repeated three times for each sample. 

2.8.3. Antithrombogenic activity 

The antithrombogenic activity of PCL+ShHL matrices was determined by blood clotting 

test. Samples in the dimensions of 1 cm x 1 cm were heated at 38C for 5 min in a baker. 

Aspirin-free fresh human blood (0.25 mL) anticoagulated with tri-sodium-citrate (in a 9:1 

volumetric ratio) was dropped on the center of samples. Then 0.2 M CaCl2 (0.02 mL) was 

added slowly to the blood droplet. Beakers were shaken gently to provide homogeneity 

of CaCl2 and blood. The beakers were left for incubation at 38C for 5, 15, 30 and 60 
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minutes, respectively. Next, 50 mL of distilled water was added into the beakers carefully. 

The absorbance of the supernatant at 540 nm was measured by use of a Hitachi U-1900 

spectrophotometer. The beaker without any fibrous sample was used as control. Each 

experiment was performed in triplicate. Quantification of blood clotting index (BCI) was 

done by the following equation (Y. Liu, Yang, & Wu, 2010). 

BCI =
OD540nm of sample

OD540nm of control group
× 100  (1) 

 

BCI values were plotted versus time that represented the sample-blood contacting 

duration. As the blood clotting increases, BCI value decreases. 

2.9.Statistical analysis 

Statistical analyses were performed by using a single factor ANOVA followed by Tukey 

test using Prism 7 analysis program. Statistical significance was defined as p<0.05. All 

quantitative results are presented as the meanstd. 
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3. RESULTS AND DISCUSSIONS 

3.1. Analytical methods on HL, hHL and ShHL 

TLC was performed to visualize microwave assisted hydrolysis effect on HL. Sucrose, 

glucose and fructose was preferred to use as standard molecules. Figure 3.1 shows the 

dispersion HL molecules with different molecular weight compared to HL (showed as 

Lev in figure 3.1. As seen, fructose molecules also occurred during microwave assisted 

hydrolysis for 60 sec, but most of them are located in HL band. Hence, MALLS-GPC 

analysis was performed to quantify molecular weight change. 

 

Figure 3.1: Image of TLC analysis. Lev, Suc, Glu, Fru and 60s represent HL, sucrose, 

glucose, fructose and hHL after 60 sec of microwave exposure. 

The molecular weight of hHL was determined as 468  3.4 kDa with a polydispersity of 

1.221  0.04 by using MALSS-GPC. The structural integrity of hHL was verified by 

infrared spectra recorded on a Thermo Nicolet 6700 FTIR spectrophotometer equipped 

with a Smart Orbit diamond ATR accessory. The typical levan peaks at 3280 cm-1 (-OH), 

2923 and 2875 cm-1 (C-H), 1120, 1004 and 919 cm-1 (C-O-C) were observed for both HL 

and hHL. As seen from figure 3.2 HL and hHL had similar FTIR spectrum profile that 

demonstrated the structural integrity of microwave exposed hHL. 
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Figure 3.2: Comparative FTIR analysis results for HL and hHL 

Elemental analysis of ShHL by EDX revealed a C:S atomic ratio of 6:1 which 

corresponded to an approximately one sulfate group for each fructose monomer along the 

chain and detailed characterization by 2D-NMR in a previous study revealed that 

hydroxymethyl groups of fructofuranose rings were the preferred site of sulfation 

(Erginer et al., 2016). FTIR analysis of ShHL powder showed the new bands at 1230 cm-

1 (S=O) and 876 cm-1 (C-O-S) of the C-O-SO3 groups besides the levan peaks occurred 

as seen figure 3.3. 
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Figure 3.3: Comparative FTIR analysis results for HL and ShHL 

3.2.Physical Characterization of Polymer Solutions 

Viscosity, density and electrical conductivity of the electrospinning solutions are crucial 

physical properties that directly affect the spinning process (Kwak et al., 2017). 

Therefore, these physical properties of solutions used in successful electrospinning 

experiments were analyzed and results are shown in table 3.1. Levan is known to have a 

very low intrinsic viscosity when compared with other biopolymers (Freitas et al., 2011; 

Manandhar et al., 2009). As expected, the viscosity of ShHL increased with increasing 

concentration and it ranged between 2.55 mPa.s for low (1%) and 14.46 mPa.s for high 

(5%) concentrations, which were quite low compared with other polymers such as the 

alginate with 420 mPa.s viscosity (Fang, Liu, Jiang, Nie, & Ma, 2011). Similarly, hHL 

caused to decrease the viscosity of PEO solution to a greater extent than ShHL. The most 

apparent reason of an unsuccessful electrospinning is the inappropriate viscosity values 

that are low or high, and blending the solutions can achieve that problem by altering the 

viscosity to a sufficient value of 100-20000 mPa.s (Deitzel, Kleinmeyer, Harris, & Tan, 

2001; J.-W. Lu et al., 2006). As seen from the table 3.1, ShHL provided sufficient 

viscosity values than hHL at the same concentrations. 

The electrical conductivity of ShHL was higher than both PCL and PEO, and as seen, 

blending hHL and ShHL provided a substantial increase in electrical conductivity of PEO 

solutions (Table 3.1). Thinner fiber diameter is generally provided by increasing electrical 

conductivity, but also beads are formed due to high electrical conductivity. Instability of 

high conductive solutions was shown by Hayati et al., and this, in turn, results in smaller 

diameters and also broader diameter distributions due to bending instability (Hayati, 

Bailey, & Tadros, 1987; Reneker & Yarin, 2008; Yarin, Koombhongse, & Reneker, 

2001). On the other hand, densities of all solutions were similar and no significant 

difference was observed in the density of PCL or PEO solutions with respect to their 

ShHL or hHL content. Increasing the concentration of ShHL and hHL to 5 % (w/v) 

inhibited the jet formation for single-needle electrospinning and 7 % (w/v) was the critical 

concentration of ShHL for co-axial electrospinning. These findings were associated with 

the instability in force balance between three very important parameters that are viscosity, 
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surface tension and conductivity as also suggested by (Cadafalch Gazquez et al., 2017; 

Hayati et al., 1987). 

Tablo 3.1: Physical characterization of solutions used in electrospinning process 

Solutions Solvent 

Electrical 

conductivit

y (S cm-1) 

Viscosit

y  

(mPa.s) 

Density  

(g/mL) 
  

 

PCL (10%) THF:DMF 

(1:1, v/v) 

1.600 115 0.9382    

ShHL (1%) dH2O 872.5 2.55 1.006    

ShHL (3%) dH2O 2333 5.61 1.007    

ShHL (5%) dH2O 3568 14.5 1.021    

PEO (5%) dH2O 123.2 635 0.9600    

PEO(5%)/hHL(1%) dH2O 170.8 305 0.9788    

PEO(5%)/hHL(3%) dH2O 232.0 358 1.003    

PEO(5%)/ShHL(1%

) 

dH2O 
240.0 440 

1.011    

PEO(5%)/ShHL(3%

) 

dH2O 
442.0 433 

1.081    
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3.3.Fabrication of Electrospun Matrices 

In preliminary experiments with aqueous HL and hHL solutions (up to 10%, w/v), the 

formation of Taylor cone without jet formation was observed, probably due to the high 

surface tension of HL and hHL solutions compared to other electrospinnable polymer 

solutions. Increasing the applied voltage caused the spray of suspension drops to the 

collector as also reported by (Bhardwaj & Kundu, 2010). Hence chemical modification 

of levan polysaccharide as well as using fiber-forming polymers (PCL and PEO) to 

increase the chain entanglements and decrease the surface tension of hHL and ShHL 

solutions were found to be necessary to obtain reproducible fibrous matrices. The 

solutions combinations that were successfully electrospinned have been shown in the 

table 3.1. Schematic explanation of electrospinning processes was shown in figure 2.1. 

For all spinning processes, the distance between needle and collector was kept constant 

at 8 cm and 12 cm for co-axial and single-needle electrospinning, respectively. The flow 

rate was kept at 0.6 mL/h in single-needle electrospinning for both HL and ShHL. 

Increase in applied voltage value was needed by increasing concentrations of hHL and 

ShHL. ShHL concentrations exceeding 5 % inhibited the jet formation and 

electrospinnability under the experimental conditions. 3 % of HL and ShHL were critical 

concentrations to achieve electrospinning process for formation of the jet in the given 

constant conditions of single-needle electrospinning. The jet formation of successful 

electrospinning and deformation in unsuccessful electrospinning processes were shown 

in figure 3.4 with the SEM images of obtained electrospun matrices. In co-axial 

electrospinning process, the flow of polymers was provided separately and whereas 2 

mL/h was sufficient for 10% PCL, 0.7 mL/h was the starting flow rate that was reduced 

at lower polymer concentrations for ShHL. 
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Figure 3.4: Images for A) fine fiber formation, and B) deformation in fiber formation 

during electrospinning process 

3.4.Spectroscopic, Mechanical and Morphological Characterization of 

Electrospun Matrices 

The infrared spectra of electrospun matrices were shown in figure 3.5. As shown in figure 

3.5(A) the characteristic bands of PCL matrices were observed at 2940 cm-1 that referred 

to carbonyl stretching, symmetric CH2 at 2864 cm-1, C-C stretching at 1292 cm-1, C-O 

stretching at 1042 cm-1, and asymmetric C-O-C stretching at 1238 cm-1 in agreement with 

others (Nadri, Nasehi, & Barati, 2017; Ranjbarvan et al., 2017; Q. Zhang, Lv, Lu, Jiang, 

& Lin, 2015). The characteristic peaks at about 814 cm-1 demonstrated symmetrical C-

O-S, and at about 3440 cm-1 indicated -OH bond of ShHL that was observed with little 

shifting in the fibrous matrices (Erginer et al., 2016; Shoja, Shameli, Ahmad, & Kalantari, 

2015). The peaks that represented the PEO/hHL and PEO/ShHL fibers were shown in 

figure 3.5(B). The absorption peak at 2878 cm-1 corresponded to stretching vibration of 

C-H. C-O-C stretching peak was assigned at three peaks which were 1145, 1094 and 1059 
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cm-1. The peaks at 1466 cm-1 represent CH2 scissoring. CH2 wagging, twisting and 

rocking of CH2 were observed at 1359 and 1341 cm-1, 1278 and 1240 cm-1, and 960-840 

cm-1, respectively. The peak at 829 cm-1 was shown C-O-C bending (Anderson, 

Lamichhane, Remund, Kelly, & Mani, 2016; Gondaliya, Kanchan, Sharma, & Joge, 

2011; Zebardastan, Khanmirzaei, Ramesh, & Ramesh, 2016). On the other hand, the peak 

for hydroxyl group at 3380 cm-1 was enlarged, obviously by adding of hHL and ShHL. 

 

 

Figure 3.5: ATR-IR spectra of co-axial (A) and single-needle (B) electrospun fibrous 

matrices. 
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Tensile tests were performed to characterize the mechanical properties of the produced 

matrices and results are presented in table 3.2. In our previous studies with Layer-by-

layer (LbL) assembled thin films, replacement of conventionally used alginate with 

phosphonated levan was shown to result in a three-fold improvement in lap shear 

adhesive strength (Costa et al., 2013). Similarly, ultimate tensile strength (UTS) of PCL 

matrices were found to increase with increasing ShHL concentration in the process of co-

axial electrospinning. Moreover, elongation at break of PCL+ShHL matrices increased 

up to ten-fold when compared to PCL matrices. For the single-needle spinning, decreases 

were observed in the UTS such that HL blending resulted in lower UTS matrices when 

compared to ShHL blending. On the other hand, higher elongation at break values were 

obtained by blending HL and ShHL with PEO pointing to the effective energy absorbing 

against an applied load (Y. Z. Zhang et al., 2007). The measured thickness of electrospun 

matrices were 0.040 and 0.036 mm for co-axial samples and single-needle samples, 

respectively. It is seen that mechanical characteristics of matrices overtook properties of 

the porcine coronary artery that has 2.5 MPa UTS, 1 MPa modulus and 100 % elongation 

at break rate (Mi et al., 2016), and showed similarity with human skin that has 5-30 MPa 

UTS, 15-150 MPa modulus and 35-115 % elongation at break rate (Jin et al., 2013). For 

an unimpeded relaxation of the tissue at the end of the contraction, the low elastic 

modulus is desired. The material should be away from being too stiff not to restrict the 

contraction (Davenport Huyer et al., 2016). Ju et al reported that sheep carotid vessel has 

an elastic modulus of 1.53 MPa with an elongation at break of 205.35 % (Ju et al., 2017). 

As seen from the table the closer values were obtained with the sample of 

PEO(5%)/ShHL(3%), but still have nearly 4-fold higher elastic modulus. Modifying the 

polymer concentrations or preferring another electrospinnable polymer instead of PEO 

may provide similar mechanical values to native carotid vessel. 
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Tablo 3.2: Electrospinning parameters and mechanical properties of produced fibrous matrices 

Samples 
Flow rate 

(mL/h) 

Voltage 

(kV) 

Type of 

spinning 

Elongation at 

break (%) 

Elastic modulus 

(MPa) 

Ultimate tensile 

strength (MPa) 

PCL (10%) 2 28 Single 9.3114.27 126.126.0 9.3010.42 

PCL(10%)+ ShHL(1%) 2 & 0.3* 25 Co-axial 53.9335.8 258.282.0 9.9580.72 a 

PCL(10%)+ ShHL(3%) 2 & 0.5* 22 Co-axial 65.5228.0 a 305.736.0 11.310.18 d 

PCL(10%)+ ShHL(5%) 2 & 0.7* 20 Co-axial 94.9426.0 a 279.872.1a,b 15.011.36 a,b,d 

PEO (5%) 0.8 17 Single 127.110.6 119.013.71 5.3180.04 

PEO(5%)/hHL(1%) 0.6 18 Single 242.461.3c 14.854.70 c 2.8580.02 c 

PEO(5%)/hHL(3%) 0.6 20 Single 353.850.0 11.253.54 c 3.4030.03 c 

PEO(5%)/ShHL(1%) 0.6 20 Single 309.34.04 c 7.7411.08 c,e 4.3560.01 

PEO(5%)/ShHL(3%) 0.6 23 Single 383.065.1c 5.6980.65 c 4.7360.06 c 

*flow rate for ShHL polymer solution 

ap<0.05 versus PCL(10%) 

bp<0.05 versus PCL(10%)+ShHL(3%) 

cp<0.05 versus PEO(5%) 

dp<0.05 versus PCL(10%)+ShHL(1%) 

ep<0.05 versus PEO(5%)/ShHL(3%) 
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Morphological characterization of fibrous matrices was performed with SEM imaging as 

seen in figure 3.6 and figure 3.7. Co-axial electrospun matrices represented as figure 

3.6(A-D) showed that PCL had dense and fine fibers with minimum bead structures. The 

spinning of PCL with ShHL co-axially caused deformation and bead formation on the 

structure due to having not enough time to getting dry at the process distance. However, 

the fine-fiber-jet formation was not observed by increasing distance or applied voltage. 

That also provided the increase in fiber diameter from 2.5291.281 m to 2.7281.737, 

3.0861.771, 3.3731.831 m with increasing ShHL concentration, respectively. 

Electrospun PEO matrix (Figure 3.7(A)) had a quite dense fibrous structure with an 

average diameter of 3.4151.781 m. Blending PEO with hHL or ShHL resulted in a 

decrease in fiber diameter. 1 and 3% (w/v) hHL blending formed fibers (Figure 3.7(B,C)) 

with diameters of 2.3540.927 and 1.9990.772 m, respectively. ShHL blended fibrous 

matrices (Figure 3.7(D,E)) were observed with diameters of 0.6160.203 and 

0.3900.157 m for 1 and 3% (w/v) ShHL concentrations, respectively. Additionally, all 

average fiber diameters were represented in table 3.3. 
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Figure 3.6: SEM images of fibrous matrices and size distribution of fibers. (A) PCL 

(10%), (B) PCL(10%)+ShHL(1%), (C) PCL(10%)+ShHL(3%), (D) 

PCL(10%)+ShHL(5%) 
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Figure 3.7: SEM images of fibrous matrices and size distribution of fibers(A) PEO 

(5%), (B) PEO(5%)/hHL(1%), (C) PEO(5%)/hHL(3%), (D) PEO(5%)/ShHL(1%), (E) 

PEO(5%)/ShHL(3%) 
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Tablo 3.3: Average fiber diameter of electrospun matrices 

Sample Solvent 
Average fiber diameter 

(m) 

PCL (10%) THF:DMF (1:1, v/v) 2.5291.281 

PCL(10%)+ ShHL(1%) dH2O 2.7281.737 

PCL(10%)+ ShHL(3%) dH2O 3.0861.771 

PCL(10%)+ ShHL(5%) dH2O 3.3731.831 

PEO (5%) dH2O 3.4151.781 

PEO(5%)/hHL(1%) dH2O 2.3540.927 

PEO(5%)/hHL(3%) dH2O 1.9990.772 

PEO(5%)/ShHL(1%) dH2O 0.6160.203 

PEO(5%)/ShHL(3%) dH2O 0.3900.157 

 

3.5.Biocompatibility of Fibrous Scaffolds 

Heparin is known to inhibit the growth of diverse kinds of cells such as fibroblasts, 

vascular smooth muscle cells and mesangial cells (F. Chen et al., 2010; Del Vecchio et 

al., 1988). The main reason for the failure of vascular graft transplants is thrombosis that 

occurs after the implant surgery. Once HUVECs adhere the inner wall of vascular grafts 

and endothelialize, they release anticoagulant factors to prohibit platelet activation and 

thrombin formation (K. Liu et al., 2017; Y. Yao et al., 2014). Hence, HUVECs have a big 

importance by enhancing endothelialization and having direct contact with the blood. In 

addition, heparin-like activity with high performance is an important point for not only 

the materials that come across with blood but also for wound healing. In chronic wounds 

the healing process does not work in the same manner with normal healing process, 
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possibly because of rapid proteolysis of peptide growth factors. It is known that protecting 

several growth factors from degradation is provided by heparin, and heparin-like activity 

simulates re-epithelization phase in chronic skin wound healing as suggested by Kratz et 

al (Kratz et al., 1997). Based on the location of the injury, the proliferation of fibroblasts 

can be a serious problem since fibroblasts can lead to scar tissue formation that inhibits 

axon regeneration in spinal cord injury (Ruschel et al., 2015; Sofroniew, 2009). In this 

study, cellular compatibility of the scaffolds was analyzed by WST1 cell viability assay 

for both L929 fibroblasts and HUVECs, and the results are plotted in figure 3.8. HL is 

known for its supportive effect on cell proliferation (Bostan et al., 2014; Sezer et al., 

2017). As seen, hHL also showed an increase in cell viability for both fibroblasts and 

HUVECs. On the other hand, the viability of fibroblasts on those matrices was higher 

than that of HUVECs reaching 159.7 % for fibroblasts and 116.1 % for HUVECs after 

72 h for 3 % of hHL concentration. When hHL was compared with ShHL for HUVECs, 

ShHL showed higher cell viability with a ratio of 127.2 %. PEO without hHL showed 

nearly same results with control groups that any fibrous matrices were not used to seed 

the cells on. As expected, L929 fibroblast growth was inhibited in the presence of ShHL 

(Figure 3.8(B, D)) which was 78.7 % for co-axial electrospinning and 79.3 % for single-

needle electrospinning after 72 h of cell seeding. Next, the difference of HUVECs growth 

at 72 h on PEO/ShHL and PCL/ShHL matrices was 4.6 % which is not significant. Cell 

and material biocompatibility were also analyzed via imaging cells by fluorescence 

staining on the fibrous matrices produced co-axially. L929 fibroblasts and HUVECs were 

seeded on the fibers, and at the end of 24, 48 and 72 h cells were stained with DAPI for 

visualization. figure 3.9 represents L929 fibroblast cell culture images, while figure 3.10 

shows HUVECs on the matrices. As expected, HUVECs showed high proliferation on 

PCL+ShHL matrices, while cell proliferation of fibroblasts was inhibited due to the 

heparin-like activity of ShHL. These demonstrated results were in accordance with WST1 

cell viability assay results shown in figure 3.8(A,B). 
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Figure 3.8: Cell viability analysis results of A) HUVECs with PCL+ShHL matrices, B) 

L929 fibroblasts with PCL+ShHL matrices, C) HUVECs with PEO/ShHL matrices, D) 

L929 fibroblasts with PEO/ShHL matrices, E) HUVECs with PEO/hHL matrices, F) 

L929 fibroblasts with PEO
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Figure 3.9: Fluorescence images of L929 fibroblasts proliferated on PCL+ShHL electrospun fibrous matrices. Scale bar of 100 m 
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Figure 3.10: Fluorescence images of HUVECs proliferated on PCL+ShHL electrospun fibrous matrices. Scale bar of 100 m 
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3.6.Antithrombogenic Properties 

Antithrombogenic activity of fibrous matrices was determined by blood clotting test, and it was 

quantitated by the blood clotting index (BCI) that is a relative parameter. Higher BCI value 

represents lower thrombogenic activity that represents blood clotting. PEO/ShHL electrospun 

matrices have a rapid solubility property in aqueous solutions. Therefore, only PCL+ShHL 

fibrous matrices were used for in vitro blood clotting tests. As shown in figure 3.11, increasing 

ShHL concentration resulted in higher BCI values in determined sample-blood contact time 

intervals. 5% ShHL containing fibrous membrane showed four times higher BCI value (63.5) 

when compared with PCL-only matrices (15.9). 

 

Figure 3.11: Blood clotting test of PCL+ShHL fibrous matrices with blood clotting index 

(BCI). 
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4. CONCLUSIONS AND RECOMMENDATION 

Within the scope of this study, the levan polysaccharide was produced by Halomonas 

smyrnensis and fabrication of levan-based electrospun matrices were aimed. The obtained the 

purified Halomonas levan (HL) in the form of its hydrolyzed (hHL) and sulfated derivative 

(ShHL) were used to fabricate fibrous matrices by using single-needle and co-axial 

electrospinning techniques for tissue engineering applications. The analysis for characterization 

of fibrous matrices was performed. The electrospun matrices that are based on ShHL were 

investigated as a good candidate, especially for vascular tissue engineering. 

Catheters, stents, and heart valves are used to treat cardiovascular diseases currently, also 

several synthetic materials are used in vascular bypass surgery. The main problems that are 

occurred after surgery are thrombosis and neointimal proliferation (Byrne, Joner, & Kastrati, 

2015; van Werkum et al., 2009). Today, the most commonly used material is expanded 

polytetrafluoroethylene (ePTFE) graft (Lam & Wu, 2012), and novel technologies are under 

investigation (Mallidi & Lotfi, 2016). The implanted material must withstand physiological 

pressures, inhibit thrombosis and immunological response (Chang & Niklason, 2017). And 

levan knew with the absence of adverse medical effect as an advantage (Manandhar et al., 

2009). Beside of that, sulfated derivative of levan showed heparin-like activity that provided a 

delay in thrombotic activity (Erginer et al., 2016). Current stent technologies may use levan-

containing grafts to reduce the risk of thrombosis and prolong the graft life. 

Since no levan-based electrospun matrices have been reported before, this thesis constitutes an 

important step toward understanding the production parameters and the characteristic of 

electrospun matrices, especially for tissue engineering applications. The researchers should 

concentrate on in vivo biological characterizations of electrospun matrices with respect to 

antithrombogenic activity and shear stress caused by body fluid. 

In this thesis study, antithrombogenic activity analysis was performed just the electropun 

matrices that were produced from PCL and ShHL due to long degradation time in water. And 

PEO and ShHL containing matrices were not able to test for antithrombogenic activity analysis 

due to rapid degradation in the water. Since PEO, hHL, and ShHL are soluble in water, ongoing 

future studies are focused on using a suitable crosslinking method to prevent from rapid 
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degradation of these matrices in aqueous solutions for their more effective use in tissue 

engineering applications. 

This study may be used as a reference material for levan-based fibrous matrices production for 

several applications that levan can be a good candidate to be used such as environmental, 

protective technologies, food and filtration applications besides tissue engineering applications. 
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