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 Hydrogels are three dimensional, insoluble, porous and crosslinked polymer 

networks. Due to their high water content, they have great resemblance to natural 

tissues, and therefore, demonstrate high biocompatibility. The porous structure 

provides an aqueous environment for the cells and also allows influx of nutrients 

needed for cellular viability. In this study, a natural biodegradable material, agarose 

(Aga), was used and semi-interpenetrating networks (semi-IPN) were prepared with 

polymers having different charges, such as positively charged chitosan (Ch) and 

negatively charged alginate (Alg). Hydrogels were obtained by the thermal activation 

of agarose with the entrapment of Ch or Alg in the Aga hydrogel structures. 

Chemical composition of hydrogels were determined by ATR-FTIR examinations, 

mechanical properties of hydrogels were examined through compression tests, 

morphologies were confirmed by scanning electron microscopy (SEM) and confocal 

microscopy, thermal properties were evaluated by differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). Moreover, swelling ratios, water 
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contact angles and surface free energies (SFE) were determined. Cell proliferation 

and cell migration within these hydrogels were examined by using L929 fibroblast 

cell line. MTS assays were carried out to observe the cell proliferation on hydrogels. 

Confocal microscopy was used in order to examine the cell behavior such as cell 

attachment and cell migration towards the hydrogels. It was observed that addition of 

positively charged Ch into agarose increased the ultimate compressive strength 

(UCS), decreased elastic modulus (E), increased the thermal stability and 

hydrophobicity of the semi-IPN hydrogels. On the other hand, addition of negatively 

charged Alg into agarose decreased UCS, E, thermal stability and hydrophilicity. 

Cell-material interaction results showed that Aga hydrogels in tissue engineering 

applications was improved by adding different charged polyelectrolytes. Cell 

migration within Aga hydrogels was enhanced by adding Ch, and hindered by 

addition of Alg. Maximum cell proliferation and maximum penetration of the cells 

were obtained with the Ch/Aga hydrogels most probably due to attraction between 

the negatively charged cell surface and the positively charged Ch/Aga hydrogel 

surface. It was shown that cell interaction of agarose hydrogel scaffolds could be 

enhanced by introducing chitosan within the agarose hydrogels and obtained 

structures could be candidates for tissue engineering applications. 

 

Keywords: Hydrogel, Agarose, Chitosan, Alginate, Characterization, Cell 

proliferation, Cell migration. 
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                                            ÖZ 

 

 
 

DOKU MÜHENDĠSLĠĞĠ UYGULAMALARI ĠÇĠN AGAROZ BAZLI 

HĠDROJELLERDE HÜCRE HAREKETĠNĠN VE ÇOĞALMASININ 

ĠNCELENMESĠ  

 

 

 

 

Vardar, Elif 

   Yüksek Lisans, Biyomedikal Mühendisliği 

   Tez Yöneticisi: Prof. Dr. Nesrin Hasırcı 

                           Ortak Tez Yöneticisi: Prof. Dr. Vasıf Hasırcı 

 

 

Temmuz 2010, 86 Sayfa 

 

 

Hidrojeller üç boyutlu, çözünemeyen, gözenekli yapıda, çapraz bağlı 

polimerlerdir. Yüksek su tutabilme özelliklerinden dolayı, doğal dokularla oldukça 

benzerlik gösterirler ve bu nedenle biyouyumlulukları yüksektir. Gözenekli yapısı 

çözünmüş maddelerin ve hücre canlılığı için gerekli besinlerin akışını sağlar. Bu 

çalışmada, doğal ve biyobozunur bir malzeme olan agaroz (Aga) kullanılmış ve artı 

yüklü kitozan ve eksi yüklü aljinat (Alg) gibi  farklı yüklere sahip diğer polimerler 

kullanılarak yarı geçişmiş ağ yapı şeklinde hidrojeller (semi-IPN) hazırlanmıştır. 

Hidrojeller, kitozan ve aljinatın agaroz içerisinde agarozun termal aktivasyonu 

sonucunda tutuklanmasıyla elde edilmiştir. Hidrojellerin kimyasal yapıları ATR-

FTIR ile belirlenmiştir, hidrojellerin mekanik davranışları basma dayanımı testleriyle 

gözlenmiştir, morfolojileri taramalı elektron (SEM) mikroskobu ve konfokal 

mikroscobu ile incelenmiş, termal özellikler diferansiyel taramalı kalorimetre (DSC) 

ve termal ağırlık analizi (TGA) ile yapılmıştır. Ayrıca, hidrojellerin şişme yüzdeleri, 

temas açısı ve yüzey enerji ölçümleri yapılmıştır. Hücre çoğalması ve hidrojeller 
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içindeki hücre göçü çalışmaları L929 fibroblast hücre hattı kullanılarak 

yürütülmüştür. Hidrojeller üzerinde hücre çoğalma değeri MTS ölçümleri ile 

belirlenmiştir. Hidrojel yapılara hücre yapışması ve hücre difüzyonu gibi hücre 

davranışlarını incelemek için konfokal mikroskop kullanılmıştır. Agaroz hidrojellere 

pozitif yüklü Ch eklenmesi ile, maksimum basma dayanımının (UCS) arttığı, elastik 

modülünün (E) düştüğü, termal dayanıklılığının ve hidrofobikliğinin arttığı 

gözlemlenmiştir. Diğer taraftan, agaroz hidrojellere negatif yüklü Alg eklenmesi 

maksimum basma dayanımını (UCS), elastik modülünü (E), termal dayanıklılığı ve 

hidrofilikliği azaltmıştır. Hücre-malzeme etkileşimi sonuçları, agaroz hidrojelleri 

içerisine farklı yük yoğunluklarının eklenerek, bu hidrojellerin doku mühendisliği 

uygulamalarında kullanımının geliştirilebileceğini göstermiştir. Aga hidrojelleri 

içerisindeki hücre hareketi Ch eklenmesiyle artmış, Alg eklenmesiyle azalmıştır. 

Maksimum hücre göçü ve maksimum hücre çoğalması, büyük olasılıkla negatif yüklü 

hücre yüzeyi ve pozitif yüklü Ch/Aga hidrojellerinin elektrostatik etkileşiminden 

dolayı, Ch/Aga hidrojelleri üzerinde gözlemlenmiştir. Bu çalışmada, agaroz hidrojel 

destek yapılarının hücre etkileşiminin, agaroz hidrojellere kitozan eklenmesiyle 

geliştirilebilineceği ve elde edilen yapıların doku mühendisliği uygulamaları için 

uygun yapılar olabileceği gözlenmiştir. 

 

Anahtar Kelimeler: Hidrojel, Agaroz, Kitozan, Aljinat, Karakterizasyon, Hücre 

çoğalması, Hücre hareketi. 
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CHAPTER 1 

 

 

 

INTRODUCTION 
 

 

 

1.1 Tissue Engineering  
 

Tissue replacement or transplantation is one of the solutions to major health 

issues all over the world since lists of people waiting for organ transplants 

continuously areincreasing in every year [Tian et al., 2010; Sharma et al., 2010]. 

Before the mid-1980s, the gold standard for tissue repair was transplantation from 

the same person (autolograft), from the same species (allograft) or from a different 

species (xenograft) [Revell et al., 2009]. The first human renal transplantion surgery 

was performed successfully in 1954 by Dr. Joseph Murray who won Nobel prize in 

physiology in 1990. However, limited availability of donor tissues, post-operative 

donor site pain, the transmission of the diseases and immune reactions are the major 

limitations of tissue transplantation [Langer et al., 1993]. 

Scientists are interested in mimicking the natural body parts, and using the 

structures and organisms in nature as models. Tissue engineering has developed as 

an interdisciplinary field which combines engineering and life sciences and presents 

a potentially effective method to restore, maintain and improve the functions of 

tissue. The first tissue engineering concept was proposed in the United States in the 

1981 to solve the donor problem. Connor et al. first reported the use of cultured 

epithelial grafts for the treatment of major burns, which could be counted as the first 

step for the usage of tissue engineering methods [Connor et al., 1981]. Tissue 

engineering deals with the production of tissues in the laboratory environment, in 

vitro conditions, by using some scaffolds and cells. Addition of bioactive agents 
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such as growth factors or hormones enhances the formation of tissues. Scaffolds 

should have the properties of a biomaterial. 

Biomaterial is defined as the material used to replace or displace part of a 

living system which is not functioning properly or to help the biological system in 

contact with living tissue. Tissue engineering constitutes the most appropriate and 

fuctional biomaterial for any part, tissue or organ in the body for subsequent healing 

process [Hasirci et al., 2006]. In the production of engineered tissues several steps 

have to be taken into consideration [Langer et al., 1997]:  

 

i)   Selection of the most appropriate biomaterial, in the form of 2D or 3D scaffolds 

in order to support the detected area and promote healing, 

ii)   Selection of the most appropriate method for scaffold design in order to mimic 

in vivo environment of the native extracellular matrix (ECM) supported by 

bioactive agents such as growth factors, 

iii) Selection of the proper cell type to be loaded within the scaffold. 

 

1.2  Scaffold Materials and Types 
 

The past decade has brought tremendous progress in artifical organs and use 

of both novel synthetic or natural materials for tissue engineering applications. 

Scaffolds provide a suitable mechanical and biological environment during new 

tissue formation when cells produce their own extracellular matrix (ECM). They are 

typically porous and biodegradable biomaterials [Gomes et al., 2004] and provide a 

support for cell attachment, differentiation, migration, modify cellular response over 

time and are designed so that they allow release of growth factors and drugs [Silva 

et al., 2009; Basmanav et al., 2008].  

Scaffold materials used in tissue engineering applications can be derived from 

either synthetic or natural sources. Polylactides (PLA) [Tsourapas et al., 2006; 

Yucel et al., 2010], polyglycolides (PGA) [Kim et al., 2008; Kempen et al., 2008], 

and their copolymers such as poly(lactic acid)-co-glycolic acid (PLGA) [Wan et al.,  

2004; Hasirci et al.,  2010], polycaprolactone (PCL) [Cao et al., 2003; Yilgor et al., 
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2008] polyanhydrides [Tamada et al., 1992; Kumar et al., 2002], polyesters (PEG) 

[Inada et al., 1995; Tessmar et al., 2007] are the most popular synthetic polymers 

used as scaffold material partially due to the ease of their availability and 

degradability [Vogt et al., 2002].  

Natural and naturally derived polymers are of special interest since they have 

biological and chemical similarities to natural tissues. Proteins such as gelatin 

[Ulubayram et al., 2005; Kosmala et al., 2000], collagen [Kose et al., 2004; 

Kinikoglu et al., 2009], elastin [Parks et al., 1993; Kielty et al., 2002] which are the 

main components of ECM and silk [Wang et al., 2006], polysaccharides such as 

chitosan [Berger et al., 2004], alginate [Rowley et al., 1999; Wang et al., 2003], 

agarose [Gruber et al., 2006], starch [Fuchs et al., 2009], are naturally derived 

biomaterials used as scaffold material. 

Depending on the purpose (position and the shape of the implant site) 

scaffolds can be formed as the 2D (as film) or 3D (as fibrous, foam, sponge) porous 

structures. Since the architecture of a scaffold governs cell adhesion, spreading and 

orientation, the fabrication method of a scaffold should be selected according to the 

tissue and the place of the defect site. For instance, Kenar et al. (2010) was 

proposed that the effect of alignments of patterns on mesenchymal stem cells 

proliferation and differentiation on micro patterned poly(3-hydroxybutyrateco-3-

hydroxyvalerate) (PHBV) and poly(L-D,L-lactic acid) (P(L-D,L)LA) blend films 

were quite significant [Kenar et al., 2010].  

There are different techniques for scaffold fabrication. When the aim is to 

obtain a dense layer like a film, solvent casting is the method of choice. In order to 

obtain 3D scaffolds such as fiber, foam or sponge, phase separation/emulsion 

[Schugens et al., 1996], freeze drying [Whang et al.,1995; Mandal et al., 2009], 

electrospinning [Kenar et al., 2010], molecular imprinting [Tunc et al., 2006], 

membrane lamination [Mikos et al., 1993], melt molding [Se et al., 2006], gas 

foaming [Almirall et al., 2004] and rapid prototyping (RP) [Yeong et al.,  2004; 

Yilgor et al., 2009] are widely employed scaffold fabrication techniques. Among 

these methods, RP is a powerful technique, especially if interconnected pores are 
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desired. RP based hydrogel scaffold fabrication using 3D plotting of 

thermoreversible gels were studied by Landers et al (2002), and this research is one 

of the pioneering studies for fabricating hydrogels by using rapid prototyping 

methods in the literature [Landers et al., 2002]. Although synthetic polymers seem 

to be more suitable for RP of scaffolds, some natural polymers such as chitosan, 

agarose and collagen [Maher et al. 2009; Norotte et al., 2009] have been used for 

producing hydrogels with predefined structures. 

Hydrogels are one of the most fascinating scaffold options because of their 

high water content and their permeability to small molecules like oxygen, nutrients, 

and metabolites similar to natural tissue. Thus, they have considerably wide variety 

of applications in the area of tissue engineering.  

 

1.3 Hydrogel Based Scaffolds  
 

Hydrogels are 3D hydrophilic polymer networks and one of the promising 

scaffold options of tissue engineering due to their similarity to the extracellular 

matrix of soft tissues with their high water content. The porous structure creates 

available surfaces for cells to attach and also allows for the influx of nutrients 

needed for cellular viability and the transport of cellular waste out of the hydrogel. 

This high solute permeability allows them to be ideal materials for the controlled 

release of many drugs and other active agents as well as achieving 3D organization 

of cells for engineered tissues [Huang et al., 2006]. Moreover, the mechanical 

properties of hydrogels are quite similar to soft tissues so that appropriate structural 

growth cues can be received by the cells within the hydrogels. Also, the elasticity 

and water content of hydrogels can be tailored easily by controlling the crosslink 

density [Nisbet et al., 2008]. 

One of the first studies on biomedical hydrogels was reported in 1960 by 

Wichterle and Lim. They prepared a hydrogel based poly(2-hydroxyethyl 

methacrylate) and used it as a synthetic, soft contact lens material [Witcherle et al., 

1960]. Since then, hydrogel based biomaterials have been a point of growing 
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interest in biomedical and tissue engineering applications. Some hydrogels and their 

biomedical application areas are summarized in Table 1. 

 

Table 1 Biomedical applications of hydrogels. 

 

 

Biomedical Application 

 

Polymer 

 

Reference 

 

Contact lenses 

 

PHEMA 

 

Maldonado et.al., 2006 

 

Blood compatible devices 

 

PEG, PEGME, 

PHEMA, PVA, PEO, 

PAAm 

 

Lin et.al., 2006; 

Faxälva et.al., 2010 

 

Articular Cartilage, 

Artificial Skin 

 

PVA, PHEMA 

Gelatin  

Collagen 

 

Ramakrishna et.al., 2001 

Schmedlen et al., 2002 

 

 

Artificial Tendon 

 

PHEMA, PTFE 

 

Baidya et.al., 2003 

Desai et.al., 2008 

 

Drug Delivery 

Enzyme immobilization 

 

PLA, PGA, Chitosan, 

Dextran,  

 

Berger et.al., 2004 

Serra et.al., 2009 

 

Artificial Cartilage Gel 

Encapsulate Cells  

Wound dressings 

 

Agarose, Alginate, 

Hyaluronic Acid, 

Chitosan  

 

Sen et.al., 2005 

Eisenbarth et al., 2007 

Sakai et.al., 2007 

Chou, et al., 2009 

 

 

Hydrogels consist of reversibly or irreversibly crosslinked polymers and are 

prepared using several crosslinking methods. Two broad classifications can be 

made, namely physical and chemical crosslinking. In physical crosslinking, physical 

interactions between different polymer chains prevent dissolution and they are 

reversible. In chemical crosslinking, polymer chains are bonded to each other with 

ionic or strong covalent bond where the covalent linkage is irreversible. Physical 

crosslinking methods are widely used for preparing hydrogels due to the absence 

non-toxic crosslinking agents [Nickerson et al., 2006]. Reversible crosslinkings can 



6 

 

be made by means of ionic interactions, hydrogen bonds, protein interactions or 

crystallization. Physical crosslinking might enable the system to dynamically 

respond to external stimuli such as temperature, pH, and mechanical loading. 

Alginate is a well known polymer which can form gels by ionic interactions. Figure 

1 shows the crosslinking of alginate with Ca
+2

 ions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Crosslinking mechanism of alginate. 
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energy irradiation, chemical reactions of complementary groups and using enzymes 

are the most important ways of chemical crosslinking. In this type of crosslinking, 

irreversible chemical links are formed [Liu et al., 2007] and these covalent 

inteactions lead to the formation of a permanent network and enhancing the 

mechanical properties of the gel and allowing the diffusion of water. However, 

ionic crosslinking creates non-permanent networks which have reversible links; 

these hydrogels might enable cell diffusion or higher swelling ratios. Main 

drawbacks of chemical crosslinks are the toxicity of residual covalent crosslinkers 

[Zan et al., 2006]. Figure 2 shows the crosslinking mechanism of chitosan in the 

presence of glutaraldehyde.  

 

 

 

   

 

 

 

 

 

 

 

 

 

Figure 2 An example of chitosan crosslinking mechanism with glutaraldehyde. 

 

The application areas of hydrogel scaffolds are influenced significantly by 

their swelling properties. The swelling ratio of hydrogel is a critical parameter since 

it shows the amount of water that is contained within the hydrogel at equilibrium. 

To determine the swelling of hydrogels, vacuum-dried hydrogel samples are 

immersed into the prepared physiological solutions and the weight changes in 

O

H H

O

glutaraldehyde

O

H

H

OH

O

H
OH NH2

O

H

HO

H
H

OH

NH2

O

H

H

OH

O

H
OH N

O

H

HO

H
H

OH

NH2

O

H

H

HO

O

H
OH

N
O

H

OH

H
H

HO

H2N

chitosan

chitosan crosslinked with glutaraldehyde



8 

 

different time intervals are recorded. Molecular weight of the chains between the 

crosslinks, pH of solution, and temperature considerably affect swelling ratio of 

hydrogels [Kim et al., 2003]. High swelling capacity of hydrogel scaffolds is also 

depended on high ratio of ionizable groups. The presence of the ionic groups in 

polymer chains results an increase in swelling because the ions are more strongly 

solvated rather than non-ionic groups in the aqueous medium [Mahdavinia et al., 

2004].  

Photopolymerizable hydrogels are used in many tissue engineering 

applications, including bone, cartilage, and vascular tissues [Schweitzer et al., 2009; 

Tan et al., 2008]. Photocrosslinking enables the polymers to be gelled in situ. By 

controlling UV exposure duration, photoinitiator concentration, monomer chain 

length, and conjugation of biological molecules, gel properties can be easily 

tailored. 

Another classification of hydrogel preparation is the type of polymer used; 

homopolymer hydrogels (one type, hydrophilic), copolymer hydrogels (two types of 

monomer, at least one hydrophilic), multimonomer hydrogels (more than three 

types of monomer) and interpenetrating polymeric hydrogels (network formed by 

intermeshing of a polymer in another) can be used in tissue engineering 

applications.  

By proper design of hydrogels it is possible to control the kinetics of 

delivery of active ingredients or to control tissue regeneration by enabling micro 

and macro-environment for cells to attach and grow. Thus, by using appropriate 

preparation techniques of hydrogels, desired scaffold designs can be achieved. For 

this reason, much of the research on hydrogels has been focused on how different 

crosslinking methods affect the properties of the hydrogel scaffolds [Park et al., 

2009; Sheikh et al., 2010]. 

Interpenetrating polymeric hydrogels are highly desirable for tissue 

engineering applications. Interpenetrating network (IPN) consists of two 

crosslinked polymers. When only one of them is crosslinked while the other is in 

linear form, the network is called semi-IPN.   
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Hydrogels can be further classified based on their structures; amorphous 

hydrogels (chains randomly arranged), semicrystalline hydrogels (some regions are 

ordered macromolecules, some of them randomly arranged) and hydrogen-bonded 

hydrogels. According to responsiveness towards stimuli physical properties, 

hydrogels can be divided into conventional and responsive hydrogels. The first 

group is lightly crosslinked and it swells in water limited by their chemistry and 

crosslinking degree. They exhibit no changes with external stimuli such as pH, 

temperature, light, etc. and are usually uncharged. The responsive hydrogels exhibit 

volume change in response to stimuli and they usually contain an important 

hydrophobic component [Rosiak et al., 1999; Chaoliang et al., 2008]. Hydrogels in 

this group are further held together by molecular entanglements, and/or secondary 

forces such as ionic or H-bondings or by hydrophobic interactions. For instance, 

agarose forms thermoreversible gels which show coil to helix transition during 

cooling. Figure 3 shows this transformation [Rees et al., 1969]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Coil to helix transition of agarose during gelation. 

 

 

Another important way of classification is based on the constituents of 

hydrogels; these hydrogels can be made of either synthetic or natural polymers. In 

the following section, these types are discussed in detail. 

 

cool  

 

cool  

 heat 

40°C

C 

1.1.1.2  

 

 

heat 

40°C

C 

1.1.1.1  

 

 

Agarose Solution    Helix Formation    Agarose Gel   



10 

 

1.3.1 Synthetic Polymer Based Hydrogels 

 

A variety of synthetic polymers can be used to produce hydrogel scaffolds 

for tissue engineering applications since their chemistry and properties are 

controllable and reproducible. Methacrylate-based hydrogels are commonly used 

materials especially for neural tissue engineering due to their similarity of 

mechanical properties to the natural tissue. The main polymer type in this class is 

poly(2-hydroxyethyl- methacrylate) (pHEMA) due to its ease of modifications with 

molecules such as adhesive protein-derived oligopeptides or collagen [Yu et al., 

2005]. There are numerous studies of using pHEMA based hydrogels such as 

injectable matrix, implants [Filmon et al., 2000], drug delivery [Chouhan et al., 

2009] and scaffolds for bone tissue engineering [Costa et al., 2003]. 

Another important synthetic polymer is polyethylene glycol (PEG) which is 

a hydrophilic polymer used in drug delivery, as surgical barrier, cell encapsulation 

for transplantation, and as scaffolds in cartilage tissue engineering [Pfister et al., 

2007]. PEG-based hydrogels have FDA approval in human intravenous, oral and 

dermal applications and another property of them is that their conjugation to 

proteins prevents recognition by the immune system and this increases 

biocompatibility [Fee et al., 2006].  

 Both PEG and polyethylene oxide (PEO) are almost identical and can be 

photocrosslinked after modifying each end of the polymer with either acrylate or 

methacrylates [Mann et al., 2001].  

Other examples of synthetic polymers for hydrogel fabrication include 

polyvinyl alcohol (PVA) [Wang et al., 2006; Yanpeng et al., 2006], and poly(N-

isopropylacrylamide) P(NIPAM) [Ozturk et al., 2009]. Among these polymers, 

P(NIPAM) is a well known thermoresponsive polymer with a lower critical solution 

temperature (LCST) of around 32°C in aqueous medium [Simonid et al., 2007]. For 

this reason, its hydrogels shrink above, and swell below 32°C [Matsuyama et al., 

1991]. This property can be used for the on-demand release of drugs, separation of 
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the aqueous solution of proteins and immobilization of enzymes and cells 

[Nakamura et al., 2004; Wang et al., 2008].  

 

1.3.2 Natural Polymer Based Hydrogels 

 

Naturally derived materials have fascinating properties such as their 

similarities to the extracellular matrix as polysaccharides and glycosaminoglycans 

(GAGs). They can be degraded by naturally occurring enzymes. Furthermore, in 

some cases, they send appropriate signals to cells without the need for growth 

factors. Most of these materials have very similiar mechanical properties when they 

are processed and they can support the tissue like the natural extracellular matrix 

(ECM) and they provide optimal microenvironment for cell adhesion and tissue in-

growth. In the literature, numerous studies were dedicated to naturally derived 

hydrogels such as collagen, gelatin, hyaluranate, agarose, alginate and chitosan. 

Collagen is a very well known as it is the most abundant protein of ECM in 

mammalian tissues. Collagen is composed of three polypeptide chains, which wrap 

around one another to form a three-stranded structure and these strands which can 

self aggregate to form stable fibers are held together by both hydrogen and covalent 

bonds [Lee et al., 2001]. Collagen hydrogels can be formed by chemical crosslinks 

(e.g. glutaraldehyde, formaldehyde, carbodiimide) or by physical treatments (e.g. 

UV irradiation, lyophilization, heating) [Lee et al., 2001; Park et al., 2002]. 

Gelatin is derivative of collagen whose triple helix is broken into simple 

strands. It is the major constituent of human bone and skin and also animal 

extracellular matrix [Buckwalter et al., 2005]. Gelatin has its arginine-glycine-

aspartine (RGD) sequence that promotes the initial cell adhesion on the gelatin 

based scaffolds [Rohanizadeh et al., 2008]. Both, negatively charged acidic gelatin 

and positively charged basic gelatin (at physiological pH) can be obtained since 

isoelectric point of gelatin can be modified. This modification allows electrostatic 

interactions between a charged biomolecule and charged gelatin to form polyion 



12 

 

complexes [Djagny et al., 2001]. Gelatin based hydrogels are water soluble if not 

covalently crosslinked. For this reason, they should be crosslinked and generally 

glutaraldehyde or carbodiimide are used for this purpose by forming amide bonds. 

Because of their promising properties, both gelatin and collagen have been used in 

controlled release of growth factors, delivery of cells, and as scaffolds especially for 

tissue engineering of skin. Hyaluronan (hyaluronic acid) (HA) is a member of GAG 

family found naturally in the ECM of humans. It is a negatively charged 

polysaccharide and is comprised of alternating glucuronic acid and N-

acetylglucosamine units. HA is reported to promote nerve regeneration in peripheral 

nerve conduits, wound healing, drug delivery, and in corneal implants [Merrett et 

al., 2008] 

The structural properties of agarose, alginate and chitosan biopolymers, and 

their hydrogel applications will be discussed in more detail in the following 

sections, since these polymers and hydrogels prepared from these polymers were 

studied in this research. 

1.3.2.1 Agarose 

 

Agarose (Aga) is a natural and neutral polysaccharide from marine red algae 

[Aymard et al., 2001]. It forms three dimensional thermoreversible gels by thermal 

activation consisting of repeating units of alternating β-1,3 linked D-galactose and 

α-1,4 linked 3,6 anhydro-α L-galactose residues (Figure 4).  

 

 

 

 

 

 

 

 

 

 

Figure 4  Repeating unit of agarose. 
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As explained in section 1.3, agarose can undergo coil-helix transition and 

the helices lead to conversion of a more ordered structure of agarose through 

hydrogen bonds [Rees et al., 1969]. This conversion makes agarose hydrogels 

concentration and temperature dependent, and also affects its mechanical properties 

[Buckley et al., 2009]. In the literature, agarose is widely used in nerve regeneration 

applications, such as artificial tubular nerve guidance channels [Dodla et al., 2008] 

and injectable nerve guide systems [Willerth et al., 2007]. This is due to its 

supporting neurite extension in a non-immunogenic manner. Injectibility is a result 

of the ability to solidify naturally at low gelation temperature, around 35°C, very 

close to the body temperature [Sakai et al., 2007].  

Besides neural tissue engineering applications, agarose gels are widely used 

in pharmaceutics [Bica et al., 2001], thickening and stabilizing food systems 

[Meena et al., 2009], drug delivery devices [Liang et al., 2006], in dentistry in the 

production of intricate casts [Moioli et al., 2000], encapsulation of cells (islets of 

Langerhans, chondrocytes, etc.) [Rinaudo et al., 2008], artificial cartilage 

engineering [Schulz et al., 2006] and wound healing [Rinaudo et al., 2008]. Like 

other temperature sensitive hydrogels, agarose exhibits LCST at 35°C, below which 

the hydrogel can be swollen, hydrated and hydrophilic, and above it, the gel 

becomes collapsed, dehydrated and hydrophobic [Goycoolea et al., 2007]. This 

process is fully reversible, in other words, the soluble and gel states can be 

reversibly transformed into each other many times without any change in polymer 

properties. However, various studies claim that agarose hydrogels do not support 

cell proliferation enough because agarose does not contain any cell adhesive amino 

acid sequences in itself [Sakai et al., 2007]. For this reason, modification of agarose 

with peptides containing cell recognition motifs such as RGD and blending agarose 

with charged polymers have started gaining much attention for enhancing cell 

interaction to agarose. 
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1.3.2.2 Chitosan  

 

Chitosan (Ch) is a natural, semicrystalline and positively-charged 

polysaccharide obtained by NaOH treatment of chitin at 120°C for 1-3 h that 

produces at least 70% deacetylated chitosan (Figure 5). Chitosan is a linear polymer 

of β-(1-4) linked D-glucosamine residues with N-acetyl-glucosamine groups. 

 

 

                                    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5  Chemical structure of chitin and chitosan. 
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dialysis membrane [Rinaudo et al., 2008], enzyme immobilization system [Rinaudo 

et al., 2008], cell encapsulation material [Vieira et al., 2008], and antimicrobial 

agent [Zivanovic et al., 2007, Sarasam et al., 2008]. 

Both blending of chitosan with other polymers and crosslinking are effective 

methods for improving its physical and mechanical properties as well as widening 

its application area [Lin-Gibson et al., 2003]. Various crosslinkers such as 

glutaraldehyde [Mourya et al., 2008], carbodiimide [Mourya et al., 2008], UV 

[Felinto et al., 2007] and gamma rays [Felinto et al., 2007] can be used to form 

chitosan hydrogels. However, a drawback of chemical crosslinker is the toxicity of 

residual covalent crosslinkers [Liu et al., 2007]. Positively charged nature of 

chitosan enable it to effectively support cell growth and attach proteins [Zonghua et 

al., 2007]. Chitosan, as a cationic polymer, is able to form polyelectrolyte 

complexes with various natural and synthetic polymers. The polyelectrolyte 

complexes form hydrogels which have been employed in a wide variety of 

applications such in medicine and pharmacy (especially in drug delivery systems) 

[Ostrowska et al., 2009]. Many modified chitosan hydrogels also have 

thermosensitive characteristics. For example, in the study of Bhattaraim et al. 

(2005), an injectable thermogel was prepared by grafting PEG onto the chitosan 

backbone and studied for drug release in vitro using bovine serum albumin (BSA) 

as a model protein. The resulting copolymer formed thermally reversible hydrogels 

with a lower critical solution temperature of 34°C, and they could also be used as 

injectable cell-polymer complexes for tissue engineering applications [Bhattaraim et 

al., 2005] 

1.3.2.3 Alginate  

 

Alginate (salt of alginic acid) (Alg) is as a linear, polyanionic polysaccharide 

that is extracted from brown seaweed and bacteria [West et al., 2007]. It is actually 

a family of linear copolymers composed of (1-4)-linked β-D-mannuronate (M) and 

α-L-guluronate (G) residues covalently linked together in different sequences or 
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blocks (Figure 6).  Different ratios of G and M blocks are present in alginate 

structures due to the large variety of alginate sources. The ratio of these units 

determines the flexibility of the gels. For example, more flexible gels have a higher 

M whereas higher G content results in stronger gels [Amsden et al., 1999]. The 

physical properties and the affinity of the alginates for divalent metal ions are 

modified by changing the fraction of mannuronic (M) and guluronic (G) residues 

[Draget et al., 2006]. As seen in Figure 6, alginate gels may be formed via ionic 

bridges between divalent cations and guluronic acid blocks [Draget et al., 2000]. 

Many studies argue that steric arrangement of the active groups in the mannuronic 

and guluronic groups is responsible for this selectivity. [Kohn et al. 1968; Draget et 

al. 2006] 

 

 

 

 

 

 

 

 

 

Figure 6  The chemical structures of β-D-mannuronic acid and α-L-guluronic acid 

units of alginate. 
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2008] and bone filling agents [Alsberg et al., 2001] are some successful examples 

of alginate hydrogels in tissue engineering. 

Alginates can be extensively crosslinked by many crosslinking agents such 

as glutaraldehyde [Kulkarni et al., 2000], carbodiimides [Chiu et al., 2008] and 

divalent cations (i.e., Ca
2+

, Ba
+2

, Zn
+2

) [Haug et al., 1965; Nunamaker et al., 2007].  

Among these crosslinkers, the most popular crosslinking agents are the 

divalent cations. In the crosslinking process of alginate, calcium ions interact with 

the carboxyl groups of the G blocks of two neighboring alginate chains forming 

egg-box orientation [Nunamaker et al., 2007]. Generally, two crosslinking methods 

have been proposed and used to fabricate alginate hydrogels, namely, diffusion 

gelling and in situ gelling. In diffusion gelling, crosslinker diffuses through the 

liquid alginate boundary while in situ gelling, the crosslinker is mixed with alginate 

to create a homogeneous mixture (Figure 7). For instance, CaCl2 is an attractive 

crosslinker used for diffusion gelling of alginate whereas CaCO3 and CaSO4 are the 

ones that cause in situ gelling through the release of calcium ions for alginate 

hydrogel formation [Nunamaker et al., 2007]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Structure of crosslinked alginate chains in the presence of crosslinker on 

the egg-box model (A) Diffusion gelling (crosslinker, CaCl2) (B) In-situ gelling 

(crosslinker, CaCO3). 
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Although alginate gels have a net negative charge which prevents protein 

adsorption and reduces cell adhesion, bioactive molecules such as arginine-glycine-

aspartic acid (RGD) and fibronectin can be immobilized within the hydrogel to 

improve the cell adhesion [Park et al., 2004; Novikova et al., 2006].  

 

1.4 Cell Migration Process  
 

Cell motility is quite crucial in tissue engineering applications. Cell migration 

is regulated by complex, biophysical mechanisms that are influenced by both the 

chemistry of the extracellular matrix and the surrounding of extracellular 

environment. While cell migration on 2D surfaces is governed by a balance 

between counteracting tractile and adhesion forces, many critical biochemical and 

biophysical parameters should be taken into consideration in order to evaluate cell 

migration in 3D matrices. ECM significantly influences 3D cell migration by 

providing microstructural and mechanical support. For this reason, it is important to 

understand the interplay between the properties of the ECM substitute (3D 

scaffolds) and the cell migration process. For instance, recent studies show that 

tailoring three-dimensional scaffolds affects cell migration and its related cellular 

functions [Mandal et al., 2009; Dutta et al., 2009]. Moreover, numerous studies 

showed that hydrogels, especially natural based ones, are regarded as cell 

interactive scaffolds which enhance cell migration [Dutta et al., 2009].  

Cell motility starts with the formation of spatial asymmetry of a cell body in 

order to make the cell body translocate. Migrating cells have highly polarized 

morphology with complex regulatory pathways. Figure 8 shows the adhesion and 

motility of the cells. Migration process involves four main steps: polarization of the 

cell and extension of protrusions in the direction of migration, stabilization of 

protrusions by adhesion to the ECM, forward movement by contraction and cell 

detachment at the rear. The physical process of cell movement begins with the 

retrograde flux of polymerized actin and the cyclical flux of membrane from the 

rear to the front of the cell. During the migration, first protrusion of lamellae occurs, 
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then the attachment to the surface takes place, leading to receptor proteins (such as 

integrins) bind to components of the extracellular matrix (ECM) in order to prevent 

membrane retraction. The final stage begins with the cell movement involving the 

disruption or severing of matrix attachments at the rear of the cell and retraction of 

the trailing edge of the cell. Finally, detachment, or release of adhesion, at the rear 

of the cell must occur, with retraction of the cell body [Lauffenburger et al., 1996; 

Ridley et al., 2003]. The migrating cells in 3D, additionally involve proteolytic 

(most commonly) and nonproteolytic (e.g., in leukocytes) strategies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Shematic representation of A) Cell adhesion, B) Cell migration, 

(Expert Reviews in Molecular Medicine © 1999 Cambridge University Press). 
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Finally, both cell migration process and ECM scaffold play an extremely 

important role in tissue morphogenesis and regulation of the development of 

engineered tissue. Thus, the parameters affecting cell migration should be 

particularly taken into consideration. 

 

1.5 The Parameters Affecting Cell Migration 
 

Many studies in vivo and in vitro revealed that scaffold matrix geometries and 

microarchitecture considerably influence the cell migration behavior which is a 

quite critical requirement for the development of large, porous materials for tissue 

engineering applications. However, it is still unknown how specific parameters of 

an ECM substitutes influence cell migration. The following sections will be 

discussing these parameters.  

 

1.5.1 Porosity 
 

Scaffolds should enable the cells to invade it, proliferate and secrete their 

own extracellular matrix during formation of a complete and natural tissue. During 

this process, porosity and pore size of hydrogel scaffolds are considerably critical 

factors since hydrogels have adjustable pore sizes and their holding large amounts 

of water enable the transport (diffusion) of gases, nutrients, cells and waste within 

them. The macroporous structure of hydrogels enables the fast absorption of water 

by capillary action. This makes the diffusion of soluble substances (e.g. nutrients 

for cell viability, cellular wastes, etc.) into the center of hydrogel easier. Many 

studies showed that optimum pore size of macropores of hydrogel scaffolds for cell 

and tissue penetration should be in the range of 50 nm and 300 µm [Woerly, 2000; 

Levesque et al., 2005; Chen et al., 2007]. Furthermore, as determined in those same 

studies, smaller pores, (up to 50 nm) contribute to solute diffusion into the hydrogel. 

The study focused on the effect of pore size and Young‟s modulus of negatively 

charged collagen scaffolds on the migratory behavior of mouse fibroblasts showed 



21 

 

that cell motility was decreased in 3D hydrogel scaffolds as both the pore size (from 

50 µm to 160 µm) and elastic moduli (from 206 ± 36 Pa to 1480 ± 210) of the 

scaffold were increased [Harley et al., 2008]. In the same study, an interesting 

phenomenon, strut junction (the junction of the interconnected pores) was 

introduced and it was proposed that increased strut junction density may accelerate 

ingrowth of cells into the scaffold, regardless of the pore size.  

Modification of porosity in hydrogels has therefore been considered as an 

important process in many ways [Pourjavadi et al., 2010]. Porous hydrogel 

structures can be obtained by using several methods. The phase separation 

technique [Studenovska et al., 2008], the use of water soluble porogens [Carenza et 

al., 1994] and the foaming technique [Ma et al., 2008] are three common widely 

used methods for having porous hydrogels. 

 

1.5.2 Interconnectivity  

 

Interconnectivity is quite an important parameter that widely influences 

biological properties of porous scaffolds. Many recent studies have been aiming to 

enhance pore interconnectivity for tissue engineering applications [Aydin et al., 

2009; Annabi et al., 2010]. For example, open, interconnected porous networks 

enhance the diffusion rate of nutrients and waste materials, leading to preservation 

viability and the motility of the cells and thus tissue regeneration [Whang et al., 

1995]. 

While demonstrating pore architecture and morphology of hydrogels, it is 

hard to have complete information about interconnectivity. Scanning electron 

microscopy (SEM) and mercury (Hg) or helium (He) intrusion porosimetry have 

commonly been used for determining porosity and pore morphology. SEM provides 

the image of pore morphology and it is limited to two dimensional (2D) 

measurements allowing us to observe only a small fraction of a sample, thus it may 

be difficult to distinguish pores from interconnections. On the other hand, Hg 
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intrusion porosimetry provides information about the porosity and pore size 

distribution, but it cannot discriminate connections between pores based on their 

diameters. Recently, in many studies, 3D micro computed tomography (µ-CT) was 

used and appears to be as the best method for determining the interconnectivity of 

the pores (Figure 9) [Aydin et al., 2009; Kim et al., 2009]. 

 

 

 

 

 

 

 

 

 

Figure 9 Micro-CT images of a copolymer of PEG, PCL and PLA (Ho et.al, 2006). 

 

 

1.5.3 Hydrophilicity 

 

Hydrophilicity is especially important for the surface since it comes in 

contact with the biological environment and determines the compatibility with the 

environment. Hydrophilicity is a critical factor at the beginning of cell adhesion, 

then cell proliferation and cell motility. When the surface is moderately hydrophilic 

(wettable), it can be considered as a quite good support for cell interaction. On the 

other hand, superhydrophilic or superhydrophobic surfaces do not promote 

bioadhesion [Marmur et al., 2006]. Surface hydrophilicity can be quantified through 

measurement of water contact angle and surface free energy (SFE). 

Contact angle (θ) is a quantitative value obtained from an equilibrium 

position between solid-liquid–vapor phases as shown in Figure 10, or it is simply 

the angle between the vectors of γsl and γlv. In this figure, γsl is the interfacial 

tension between solid and liquid phases, γlv is the interfacial tension between liquid 

and vapor phases and γsv is the interfacial tension between solid and vapor phases. If 
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the surface has low energy, γsv can be defined as γs, and γlv can be defined as γl 

[Cantin et al., 2005]. So, the relation between the contact angle and the 

intermolecular forces of the surface can be written as Young‟s equation:   

γsv - γsl =  γlv cos θ 

 

Contact angles vary between 0 and 180 degrees. When the surface is entirely 

wetted by the liquid, contact angle zero is obtained and this indicates that the 

surface is highly compatible with the liquid and if the liquid is water, it is highly 

hydrophilic. When the contact angle is above 90°C it is called “non wetting”. Any 

angle between 0°C and 90°C is wetting. 

 

 

 

 

 

 

 

   

    

 

 

 

Figure 10 SFE components at equilibrium and the contact angle (θ) 

 

 

Molecules at the surface and in the bulk of a material are exposed to 

different amounts of forces which are due to the interactions between the 

neighboring molecules. The molecules in the bulk have no net force acting on them 

while the ones at the surface encounter a net force inwards as shown in Figure 11. 

This phenomenon results in a tension or free energy which is called „Surface 

Tension‟ or „Surface Free Energy‟ (SFE). In order to break this interaction, at least 

an equal force should be applied in the opposite direction. For tissue engineering 
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applications, it is important to have knowledge of the energy or reactivity of 

surfaces. Present biomaterials in the biomedical field have varying hydrophilicities 

and SFE values, and there are many studies claiming that the polar and dispersion 

components of surface free energy affect the adhesion and spreading of cells on 

polymer surfaces [Harnet et al., 2007; Ozcan et al., 2007; Ozcan et al., 2008]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Liquid molecules and interactive forces between them. 

 

 

SFE is defined as the work required increasing the area of a substance by a 

unit amount and it has the units of mN/m
2
, mJ/m

2
, and dynes/cm. For solids, SFE is 

not a single value but a combination of polar (γ
p
) and dispersive (γ

d
) components 

which give information about the polar and nonpolar character of the surface. Their 

summation gives the total SFE (γ
tot

). In addition, the polar constituent also has 

other, acidic (γ
+
) and basic (γ

-
) components. For solids, all these values can be 

calculated from the contact angles formed between solid surface and the liquid 

drops by using various liquids with known component values. SFE components can 

be calculated by using several approaches such as Harmonic Mean, Geometric 

Mean and Acid Base [Ozcan et al., 2008] and SFE values can be derived by using 

following equations.  
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Harmonic Mean Equation:     
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Geometric Mean Equation: 

sl
 = s + lv - 2 ( p

s
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d
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Acid Base Equation is the summation of Lifshitz–van der Waals (γ
LW

) 

resulting from the dispersive attractions and polar attractions (AB
) corresponding to 

Lewis acid (γ
+
) and base (γ

-
) components as written in equation 1.4 [Gindl et al., 

2001]: 

(1+cosθ) l = 2 ( LW

l

LW

s  + 

ls  + 

ls  ) 

 

In the literature, the results supported that there is an optimum value for both 

hydrophilicity and surface free energy which promote cell attachment, proliferation 

and motility [Ozcan et al., 2008; Hasirci et al., 2010]. 

 

1.5.4 Charge Effect  

 

The charge density of the scaffold is quite an influential factor on the 

attachment and migration of cells through the scaffolds. As seen Figure 12, the 

exterior cell membrane is full of negatively charged membrane components (e.g. 

proteins, glycolipids, phospholipids) which establish membrane topology. For this 

reason, the charge distribution is regarded as a strong parameter that affects the cell 

migration within the scaffold. Many recent studies indicated that charge distribution 

favored cell ingrowth and cell migration throughout the scaffold [Goda et al., 2009; 

Janvikul et al., 2007]. In the study of Hermitte et al. (2004), it was shown that 

strong, negative charges on the material surface provided long range electrostatic 
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repulsions, and since the living cells are negatively charged, cell adhesion could be 

prevented [Hermitte et al., 2004]. In a study, neutral PEG polymer, which was 

copolymerized with positive, negative, or neutral charge densities, was evaluated in 

terms of cell attachment and it was demonstrated that attachment of fibroblasts on 

positively charged surfaces was greater than surfaces having negative and neutral 

charge densities [Schneider et al., 2004]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 12 Diagram of the cell membrane, 

(http://www.colorado.edu/intphys/Class/IPHY3430-200/image/03-4.jpg). 
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1.6 Aim of the Study  
 

The aim of the present study was to examine effect of different charges on 

the adhesion, proliferation and migration of cells in the hydrogel scaffolds. For this 

purpose, semi-interpenetrating network (semi-IPN) structures were prepared by 

using a natural and neutral biodegradable polymer (agarose) and either positively 

charged (chitosan) or negatively charged (alginate) polysaccharide, which both are 

also natural and biodegradable polymers. In the preparation of hydrogels, agarose 

was thermally crosslinked in the presence of the other polymer which was remained 

in linear form. Agarose was chosen because it has a high gel forming capacity and 

neutral structure. Thus, semi-IPN hydrogels with different charges were 

successfully prepared and their chemical composition, mechanical properties, 

swelling capacities, and cell affinities towards L929 fibroblast cell line were 

investigated. The effect of different charges on cell migration within the hydrogel 

structures was evaluated. 
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CHAPTER 2 

 

 

                           EXPERIMENTAL         

2.                          
 

 

 

2.1 Materials 
 

Agarose (Aga; Sigma Aldrich, Steinheim, Germany), chitosan (Ch; 

DDA=85%, Sigma Aldrich, Steinheim, Germany), glacial acetic acid (99-100%,  

J.T. Baker, Netherlands) and alginate (Alg with 61% mannuronic and 39% 

guluronic acid, M/G ratio of 1.56, medium viscosity, Sigma Aldrich, Steinheim, 

Germany) were used in the experiments. All liquids used in contact angle and SFE 

measurements were reagent grade. Formamide (HCONH2) was a product of Merck 

(Darmstadt, Germany), Diodomethane (CH2I2) was a product of Sigma Aldrich 

(Steinheim, Germany), and dimethyl sulfoxide (C2H6OS) was product of Acros 

(New Jersey, USA). In all the experiments, double distilled water was used. For cell 

studies, L929 cell line was obtained from Foot-and-Mouth Disease Institute, 

Ankara, Turkey. 

 

2.2 Methods 
 

2.2.1 Preparation of Hydrogels 

 

Aga, Ch/Aga and Alg/Aga hydrogels were prepared by thermal activation of 

agarose with the entrapment of chitosan and alginate molecules within the agarose 

matrix, forming semi-IPN structures. For this purpose, solutions of Aga, Ch, Alg 

were prepared in PBS solution (10 mM, pH 7.4). To prepare Ch/Aga hydrogels, 2% 

(w/v) chitosan solution was prepared in 1% acetic acid solution and equal volume 
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was added dropwise to the same volume of agarose solution by constant stirring at 

80°C for 3 h until a homogeneous solution was obtained. To obtain Alg/Aga 

hydrogels, 2% alginate (w/v) was added dropwise to agarose 2% (w/v) solution by 

constant stirring at 80°C for 3 h until a homogeneous solution was obtained (Figure 

13). Semi-IPNs were prepared by using equal volumes of solutions (at 1:1 volume 

ratio). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Scheme of hydrogel preparation system. 

 

 

After 3 hours of stirring, hydrogels were poured into petri dishes. They were 

allowed to cool to 4°C, then all hydrogels were cut in cylindrical shapes (d = 8 mm, 

ℓ = 10 mm) with a puncher as seen in Figure 14.  
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Figure 14  Photographs of hydrogels (A) Before cutting in cylindrical shapes (B) 

Aga, (C) Ch/Aga, (D) Alg/Aga. 

 

 

Ch/Aga hydrogels were left in NaOH solution (1 M) for 5 h in order to 

neutralize the acidic acid and washed with distilled water to remove all the excess 

NaOH until neutral pH was obtained. For surface free energy (SFE) and contact 

angle measurements, the similarly prepared polymer solutions of Aga, Ch/Aga, 

Alg/Aga were cast on microscope slides, dried in an oven for about three to five 

days at room temperature, then vacuum dried. 

 

 

A 

B C D   
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2.2.2 Characterization of Hydrogels 

2.2.2.1 Fourier Transform Infrared-Attenuated Total 

Reflectance (FTIR-ATR) Analysis 

 

Chemical compositions of hydrogels were determined by FTIR (FT-IR, 

SpectrumGX, PerkinElmer, Inc., USA). KBr pellets were prepared from the 

powders of the samples obtained from the freeze dried and ground hydrogels. 

2.2.2.2  Compression Tests  

 

Compression experiments were performed by Lloyd LRX 5K (Lloyd Inst 

Co., England). The swollen gels were compressed at a rate of 10 mm/min. The 

ultimate compressive strength (UCS) for each sample was obtained from the ratio of 

applied force to area. The load-deformation curve was converted to stress-strain 

curve, where stress is the load per unit area (F/A as Pa) and strain is deformation 

per unit length (Δl/l0), where 10 is the initial length in mm and Δl is the change in 

the length (in mm).  Initial slope of the first straight line in elastic region of the 

stress-strain curve was used for calculating the elastic modulus (in Pa) calculation. 

For each hydrogel, compression tests were carried out by using at least 5 different 

samples and the obtained results were averaged. 

2.2.2.3 Thermal Analysis  

 

Thermal properties of the samples were determined by differential scanning 

calorimetry (DSC 6 Perkin Elmer microcalorimeter, USA) and thermogravimetric 

analysis (TGA 6 Perkin Elmer thermogravimeter, USA). Completely dried samples 

(7-9 mg) were placed into aluminum pans and heated from 15°C to 450°C at a rate 

of 10 °C/min under nitrogen atmosphere. For TGA measurements, completely dried 

samples (3-4 mg) were heated from 15°C to 400°C at a rate of 10 °C/min under 

nitrogen atmosphere. 
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2.2.2.4 SFE Determination and Contact Angle Measurements 

 

Different approaches, namely Geometric Mean, Harmonic mean and Acid–

base approaches were used to calculate the SFE for hydrogel films. A goniometer 

(CAM 200, Finland) was used to determine the contact angles at room temperature.  

In order to calculate SFE values and evaluate surface hydrophilicity of the prepared 

polymers, liquid drops (5 µL) of deionized water (DW), diiodomethane (DIM), 

formamide (FA) and dimethyl sulfoxide (DMSO) were placed on the samples and 

the contact angles of at least five drops were measured and averaged.  

2.2.2.5 Swelling  

 

Maximum amount of water absorbed by the samples was calculated from 

equation 2.1. For this purpose, the hydrogel discs were vacuum dried for 24 h and 

were weighed. Then they were immersed in PBS (10 mM, pH 7.4) at 37°C for 24 h. 

The weight of swollen hydrogels was measured in every ten minutes until 

equilibrium swelling was achieved. For each sample, three parallel experiments 

were carried out and averaged. 

                    

Water absorption (%) = (Ws - Wd / Wd) x 100                     (2.1) 

where Ws and Wd are the swollen and dry weight of hydrogels, respectively. 

 

2.2.2.6 Scanning Electron Microscopy (SEM)  

 

Morphology and porosity of the freeze-dried hydrogels were investigated by 

scanning electron microscopy (SEM, JEOL JSM-6400, Japan). Both the surface and 

cross-sections of the samples were sputter-coated with gold prior to examination. 
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2.3 In Vitro Studies  

2.3.1   Cell Attachment and Proliferation 

 

The affinities of the hydrogels for cell attachment, proliferation and 

migration of the cells through the structures were studied by using L929 fibroblast 

cells obtained from Foot-and-Mouth Disease Institute, Ankara, Turkey and were 

derived from mouse connective tissue. Before cell seeding, the hydrogels were cut 

in disc shape (diameter 8 mm, height 0.5 mm), were sterilized in 70% ethanol for 5 

h at 4°C and then washed 3 times with PBS, placed in a 24 well plate and wetted 

with culture medium prior to cell addition. Cell suspensions (40 μL, containing 

50,000 cells) were seeded onto these hydrogels. The gels were kept for 2 h for the 

attachment of the cells, then DMEM (1 mL) supplemented with 10% FBS penicillin 

(100 units/mL) and streptomycin (100 µg/mL) was added to each well and cells 

were incubated at 37°C in a CO2 incubator for up to a week. The medium was 

changed in every other day. MTS cell proliferation assay was carried out in order to 

determine the number of cells colorimetrically using a 96-well Elisa Plate Reader 

(Maxline, Molecular Devices, USA) at 490 nm. For this purpose, 1 mL of MTS 

solution was added to each sample in a 24 well plate and incubated for 3 h at 37ºC 

in the CO2 incubator. All experiments were performed in triplicate. The 

proliferation of the cells was calculated on days 1, 3, 7 and 14. After fixation by 

paraformaldehyde (PFA, 4%) for 15 min, and washing with PBS (10 mM, pH 7.4), 

the samples were treated with Triton X-100 (1%, 1 mL) for 5 min to permeabilize 

the cell membranes. In order to prevent non-specific binding, samples were 

incubated at 37°C for 30 min in BSA-PBS (1%) solution before staining. After 

washing with 0.1% BSA in PBS, cells on hydrogels were stained with phalloidin (1 

µg /1 mL, 400 µL for each) for visualizing actin filaments of the cells. After several 

washes with PBS, nuclei of the cells were stained with DAPI (400 µL for each). 

Then, in order to remove the unbound stains, all samples were washed with PBS. 

The samples were studied with confocal laser scanning microscope (CLSM) (Leica 
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TCS SPE, Germany) with a 488 nm laser for phalloidin. Cell morphology of 

hydrogel structures was also studied. 

2.3.2 Analysis of Cell Migration within the Hydrogels 

 

For cell migration observations, all hydrogels were cut vertically into two 

pieces in order to remove the skin layer which was formed at the top of the 

hydrogels during cooling. Cross-sections of hydrogels were seeded with L929 

fibroblast cells (Figure 15). 

 

 

 

 

 

 

 

Figure 15 L929 fibroblast cell seeding on cross-section of hydrogels. 

 

 

At the end of  7 and 14 days of incubation, cell seeded hydrogels were rinsed 

with PBS (pH 7.4) in order to remove the media and fixed with 4% 

paraformaldehyde in PBS for 15 min at room temperature. The samples were then 

treated with 1 mL HCl (1%) for 1 min to permeabilize the cell membranes. After 

several washes with PBS, the samples were stained with acridine orange (1µg /1 

mL, 400 µL for each) for 10 min and studied with the confocal laser scanning 

microscope (CLSM) with a 532 nm laser in z-stack mode. In order to observe cell 

migration, images were taken at 2 µm intervals to a depth of 137 µm and visualized 

in 3D. 

L929 fibroblast cell seeding  



35 

 

CHAPTER 3 
 

 

3.               RESULTS AND DISCUSSION 

 

 

3.1 Characterization of Hydrogels 
 

3.1.1 Fourier Transform Infrared Spectroscopy (FTIR) 

 

The FTIR spectra of the polymers and the semi-IPN hydrogels are presented 

in Figures 16 and 17. The FTIR spectrum of agarose powder showed the 

characteristic peaks at about 930 cm
-1

 and 1076 cm
-1

 which is assigned to C-C and 

C-H stretching from alcoholic C-OH groups of agarose and 3,6-anhydrogalactose, 

respectively (Figure 16). For chitosan, the peaks around 892 cm
-1

 and 1152 cm
-1

 

were assigned to the polysaccharide structure and antisymmetric stretching of C-O-

C bridge of chitosan. Furthermore, absorption bands at 1402 cm
-1 

for CH2 bending; 

at 1633 cm
-1

 for C=O stretching of the N-acetyl group (amide I band) and scissor 

vibration of amine group; at 1550 cm
-1

 for N-H bending of amide II and scissor 

vibration of ammonium ions; at 3180 cm
-1

 for stretching of O-H were distinctly 

shown in the FTIR spectrum of chitosan. For alginate, the characteristic absorption 

bands around 1130 cm
-1 

and 950 cm
-1 

were C-C stretching and C-O stretching 

resulted from its polysaccharide structure, respectively (Vieira et al., 2008). Also, 

the peaks at about 1416 cm
-1

 and 1590 cm
-1 

were due to asymmetric and symmetric 

stretching of carboxylate salt in alginate Figure 16.  
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Figure 16 FTIR spectra of Aga, Alg, and Ch powders. 

 

In Figure 17, the broad band at 3300 cm
-1

 which was observed in the spectra 

of all hydrogels was assigned to the OH stretching of water. The agarose spectrum 

had peaks near 1074 cm
−1

 due to primary (-CH2OH) and secondary (-CHOH) 

alcohol groups. In Ch/Aga spectra, the peaks at about 1522 cm
-1

 and 1648 cm
-1

 

reveal N-H bending of amide II band (scissor vibration of ammonium ions) and 

C=O in amide groups (amide I band), respectively. The peak around 1550 cm
-1

 (N-

H bending of amide II band) for Ch powder was shifted to 1522 cm
-1

 for Ch/Aga 

hydrogel as seen Figure 17. This might be because of the interaction between -NH3
+
 

groups of chitosan and OH
-
 groups of agarose. The appearance of agarose 

characteristic peaks (930 cm
-1

 and 1076 cm
-1

) in all FTIR spectra of semi-IPN 

hydrogels confirms the presence of chitosan and alginate within the agarose 

structure. 

Wavenumber (cm
-1

) 

4000 3200 2400 1800 1400 1000 600 

Alg powder 

 

Aga powder 

       Ch powder 

 Wavenumber (cm-1) 

%
  
T

ra
n
sm

it
ta

n
ce

 



37 

 

Although agarose and alginate have very similar chemical structures, the 

characteristic peak of the Alg/Aga hydrogel was observed at about 1590 cm
-1

 due to 

C═O antisymmetric stretching of carboxylate salt (–COONa
+
). For Alg/Aga, the 

peaks at about 1154 cm
-1

, 1025 cm
-1

, and 932 cm
-1

 were assigned to C-C stretching, 

C-O-C stretching, C-O stretching, respectively. The band about 1416 cm
-1

 was due 

to symmetric stretching peak of the carboxylate salts present in alginate [Vieira, 

2008]. The peaks, which were observed all hydrogels spectra, at about 891 cm
-1

, 

930 cm
-1

, 1076 cm
-1

 were assigned to C-H bending, C-O-C vibration of the 3,6 

anhydrogalactose bridge and C-H stretching from alcoholic C-OH groups of 

agarose and 3,6-anhydrogalactose, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

     

 Figure 17  FTIR spectra of Aga, Ch/Aga, Alg/Aga hydrogels. 

  

The spectra of the semi-IPNs revealed the peaks due to the individual 

biopolymers indicating that the ingredients took them in place in the semi-IPN 

without detectable interaction between the components.  
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3.1.2 Compression Tests 

 

Many studies showed that cell migration can be influenced by the 

mechanical properties of the scaffolds, even in the absence of any soluble chemical 

stimuli [Pelham et al., 1997; Beningo et al., 2002; Engler et al., 2004]. Cells need to 

have strong contractile forces for the detachment of adhesions and sense mechanical 

signals, such as fluid shear, stretching forces and scaffold rigidity. Thus, the 

feedback mechanism for guiding cell migration can be regulated by both internal 

and external mechanical forces [Geiger et al., 2001]. Mechanical properties of the 

hydrogels were obtained by applying compression stress and recording the force 

applied and change in dimensions. Ultimate compression strength (UCS) and elastic 

modulus (E) value of the hydrogels are given in Table 2. The agarose hydrogels had 

the highest elastic modulus value compared to the other structures. During gelling 

process of agarose coil to helix transition of polymer chains occurs and this 

conformational change leads to increase in ultimate compression strength and 

elastic modulus value of agarose.  

 Within the Ch polymer chains, hydrophobic segments (C-H backbone) are 

able to create crystal domains [Billmeyer et al., 1984]. Due to these crystalline 

segments of chitosan, the ultimate compressive strength value was doubled (from 

103.11±9.12 Pa to 210.45±5.32 Pa) when Ch was added to agarose. Furthermore, 

due to the electrostatic interactions between the ammonium (NH4
+
) ions of the 

chitosan and the hydroxide (OH
-
) ions of the agarose, the hydrogen bonding 

between these molecules was provided to withstand the applied load. On the other 

hand, almost no significant difference was observed in elastic modulus values of 

Aga and Ch/Aga hydrogels and both were found around 160 Pa.  

 The addition of alginate caused a decrease in both ultimate compressive 

strength and elastic modulus values of agarose hydrogels due to the dynamic 

transport of water within the alginate polymer chains. The UCS value of agarose 

decreased from 103.11±9.12 Pa to 91.34± 0.61 Pa upon addition of the negatively 

charged alginate, most probably due to the electrostatic repulsion between the OH
-
 

ions of the agarose and the –COO
- 
groups of alginate.  
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Table 2 UCS and E values of the semi-IPN hydrogels. 

 

 

 

 

 

 

 

According to the study of Levental et al. (2007), the elastic moduli (E) of the 

soft tissues changes between 100 Pa and 100 MPa, thus the mechanical results 

obtained for the hydrogels were in agreement with the desired values as well as the 

literature values [Levental et al., 2007].  

 

3.1.3 Thermal Analysis 

 

 Due to the thermal changes (e.g. temperature alterations and heat flow rate 

etc.), important thermal phenomena such as glass transition, denaturation and 

crystallization temperatures, evaporation temperature of adsorbed water or solvent 

can be observed during chemical/physical transition. DSC and TGA are two 

common methods for determining these thermal properties. While DSC measures 

the rate and degree of heat change as a function of time or temperature, TGA 

measures changes in mass as function of temperature. In this study, both DSC and 

TGA were used to study the thermal properties of the prepared hydrogels.  

 

3.1.3.1 Thermogravimetric Analysis (TGA) 

 

The TGA curves of polymers and semi-IPN hydrogels with 10 °C/min 

heating rate under nitrogen are presented in Figure 18. The first weight loss of 

agarose occurred at about 80ºC and then the major weight loss step (decomposition) 

was observed at about 289°C (Figure 18). As explained before, Ch had the highest 

Sample UCS (Pa) E (Pa) 

Aga 103.11 ± 9.12 162.32 ± 7.56 

Ch/Aga 210.45 ± 5.32 159.51 ± 3.16 

Alg/Aga 91.34 ± 0.61 78.11± 0.92 
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thermal stability because of its strong intermolecular interactions. Up to 150°C, the 

first weight loss corresponds to the loss of adsorbed water of Ch. The second stage 

of weight loss is due to the degradation of chitosan at 322ºC. The overall 

decomposition of alginate exhibits two distinct weight loss steps; the first minor 

weight loss of alginate starts at about 90ºC, the second weight lost occurs above this 

temperature, degradation was took place up to 270ºC.  

Due to the interaction between polysaccharide chains and water, hydrogels 

released water at different temperatures (Figure 18). The first weight loss step that 

occur around 100°C might be attributed to the loss of residual water and the major 

weight loss took place above 250°C for both the polymers and the hydrogels. The 

decomposition temperature of agarose (270ºC) shifted towards higher values 

(300ºC) upon Ch addition, which enhances the thermal stability, whereas Alg 

addition led to the lowest decomposition temperature of 250°C. Thermal stability of 

Ch/Aga hydrogels may increase because of the electrostatic interactions between 

the NH4
+
 groups of chitosan and OH

-
 groups of agarose resulting in more stable 

structures in these semi- IPNs. On the other hand, for Alg/Aga hydrogels, COO
-
 

groups of alginate and OH
-
 groups of agarose might repel each other resulting in 

less stable structures in these semi- IPN structures compared to Aga hydrogels. 
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Figure 18 TGA curves of polymers and hydrogels 

(heating rate = 10 °C/min, N2 atmosphere, 20 mL/min). 

 

 

The decomposition temperatures and water loss of the hydrogels were 

determined from the DSC graphs (Figure 19) and first derivatives of plotted TGA 

graphs. The decomposition temperatures and the percentage water loss values of 

hydrogels presented in Table 3. Both Ch and Ch/Aga hydrogel had the least water 

evaporation temperatures due to their hydrophobic structure among other structures. 

The contact angles for Ch and Ch/Aga hydrogels were 78
o 

and 84°, respectively. 
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The most significant water loss were detected for Alg/Aga hydrogels which might 

be probably due to having high swelling capacity compared to other hydrogels 

(contact angle was 59
o
).  

 

 

Table 3 Degradation temperatures of biopolymers and hydrogels obtained with 

TGA heating rate = 10°C/min, N2 atmosphere (20 mL/min). 

 

 

3.1.3.2 Differential Scanning Calorimetry (DSC) 

 

 The DSC curves of polymers and semi-IPN hydrogels at a 10 °C/min 

heating rate under nitrogen are presented in Figure 19A and 19B, respectively. 

Since hydrophilic groups of natural polymers usually presents strong interactions 

with water, the moisture content may influence their thermal properties. The first 

endothermic broad peak for all samples observed at about 100°C represents the 

release of water.  

 The second exothermic peaks with a maximum above 250°C are due to the 

decomposition of macromolecules where the polymeric chain breaks down. 

Generally, decomposition that takes place at high temperatures result in the 

formation of H2O, CO, CH4 and, in the case of chitosan, NH3. The decomposition 

product of hydrogels around 300°C characterized as a carbonated material.  

Sample Decomposition 

Temperature (°C) 

Water Loss 

           T (°C)            Net Loss (%)                 

                                                    

Aga powder 289 86.57 16.1 

Ch powder 322 67.77 13.2 

Alg powder 270 82.56 20.6 

Aga 267 83.30 19.3 

Ch/Aga 300 62.64 19.4 

Alg/Aga 250 82.74 24.8 
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            In Figure 19A, DSC curves of the powder form of the polymers are 

presented. Tg and melting points are hardly detected for anhydrous polysaccharides 

because decomposition takes place below the Tg value of these polysaccharides, 

thus these temperatures could not be recorded in the DSC graphs [Gidley et al., 

1993]. Furthermore, rigid backbone structure of agarose, alginate and chitosan 

resulting from strong inter- and intra- hydrogen bonds prevented the observation of 

any melting points [Lee et al., 2000]. Sharp exothermic peaks in the DSC 

thermograms were indicative of decomposition temperatures of the polymers. 

According to these peaks, agarose started to decompose at about 289ºC. The 

decomposition temperature of chitosan was observed at about 322ºC whereas Alg 

had the lowest decomposition temperature at 270°C.  

 When the DSC graphs of these polymers were compared, a significant water 

absorption capacity increase was observed as observed in the peak signal ratio 

(Figure 19B). No melting point was detected for Aga, Ch/Aga and Alg/Aga semi-

IPNs. This result was interpreted as the decomposition of these polymers before 

melting [Mourya et al., 2008]. It is also difficult to observe the glass transition 

temperature (Tg) of chitosan (150ºC-170ºC) due to its semicrystalline structure. 

Among the blends, Ch/Aga had the highest degradation temperature (300ºC), which 

might be a result of the strong intermolecular attractions (hydrogen bonding) 

between the –NH3
+
 of the chitosan backbone and OH

-
 groups of the agarose as well 

as formation of some crystalline domains of Ch chains. The decomposition of 

Alg/Aga has taken place at the lowest temperature (250ºC) compared to those of 

other hydrogels. Since alginate is a highly negatively charged polyelectrolyte, the 

electrostatic repulsion between the charged groups of alginate (COO
-
) and agarose 

(OH
-
) further contributed to decrease in degradation temperature. 
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Figure 19 DSC heating curves of polymers (A) and hydrogels (B)  

Heating rate = 10°C/min, N2 atmosphere.  

 

 

3.1.4 SFE Determination and Contact Angle Measurements 

 

 Surface properties of the polymers are quite important for their 

biocompatibility. Besides knowing the interactions between the polymer molecules, 

and between the polymer and water molecules and their surface properties, it is 

necessary to use these properties to have a better understanding of the interfacial 

interactions of these polymers when in contact with the physiological liquids. 

Hydrophilicity is an important parameter that is determined by water contact angle 

measurements and indicated by SFE. SFE measurements were performed by using 

different liquid couples and triplets to calculate dispersive, polar, acidic and basic 

components of the SFE. These values were applied to obtain total SFE values by 

using different approaches, namely Geometric Mean, Harmonic Mean and Acid 
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Base approaches. SFE and components of SFE values obtained from different 

approaches (Geometric Mean, Harmonic Mean and Acid Base) are given in Table 

4. As can be seen, some differences in SFE values were detected when the applied 

method was changed. On the other hand, a significant decrease was observed in the 

polar components of agarose hydrogel upon semi-IPN formation (Ch/Aga and 

Alg/Aga hydrogels). According to Harmonic mean approach, total SFE of chitosan 

was 42.07 mJ/m
2
 and polar component was 2.95 mJ/m

2
. These values increased to 

50.34 mJ/m
2 

and 13.36 mJ/m
2
 in case of Ch/Aga hydrogels, respectively. With 

chitosan addition to agarose, total SFE decreased from 67.79 mJ/m
2
 to 50.34 mJ/m

2
, 

the polar component decreased from 34.91 mJ/m
2
 to 13.36 mJ/m

2
 and the dispersive 

component increased from 32.88 mJ/m
2
 to 36.97 mJ/m

2
. Similarly, significant 

decrease was also observed in the polar components of Geometric Mean approach. 

Polar component value of agarose decreased from 32.84 to 8.5 mJ/m
2
 upon chitosan 

addition and to 13.06 mJ/m
2
 upon alginate addition. When it is considered for Aga, 

the higher value of the polar component than that of dispersive component means 

that the surface has a polar character. High hydrophilicity of agarose can be 

explained by the contribution of high number of OH groups on the surface of the 

agarose in its 2D form because the double helical conformation in its solvated form 

is prevented [Rees et al., 1977]. Although polar molecules such as carboxyl group 

(COOH) from alginate and amino group (NH2) from Ch were introduced to agarose, 

these molecules cause forming a globular structure with agarose, and polar groups 

turn towards to the bulk because of charge interaction and create a highly rigid 

backbone [Wang et al., 2009].  It can be concluded that, attractions between the 

charged groups cause a decrease in their effectiveness causing a decrease in polar 

components of SFE. It is noteworthy to mention that contact angle results supported 

these results.  

The Acid Base approach showed that agarose hydrogels had the highest 

values of the acidic (γ
+
) and basic (γ

-
) components of the SFE as 1.51 and 7.33 

mJ/m
2
, respectively. These results are in aggrement with the literature [Wang et al., 

2009]. Also, in the literature it is stated that the value of dispersive component of 
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biological surfaces, such as proteins, cells and carbohydrates cannot be more than 

45 mJ/m
2
 in their dry state [Oss et al., 1995]. In the study, dispersive components of 

the hydrogels were found very close to this value (maximum 41.29 mJ/m
2
) showing 

their similarity to the biological surfaces. As a conclusion, the results obtained from 

all approaches were found to be parallel to each other when only total SFE is 

considered.  

 

 

Table 4 SFE results of hydrogels and polymers. 

 

Method γ
p
  (mJ/m

2
) γ

d 
 (mJ/m

2
) γ

+
 (mJ/m

2
) γ

- 
(mJ/m

2
) γ

tot
(mJ/m

2
) 

Aga 

Harmonic 34.91 32.88   67.79 

Geometric 32.84 29.63   62.47 

Acid Base 8.58 39.77 1.51 7.33 49.27 

Ch/Aga 

Harmonic 13.36 36.97   50.34 

Geometric 8.5 38.48   47.07 

Acid Base 4.98 41.29 0.74 3.34 46.28 

Alg/Aga 

Harmonic 17.14 35.08   52.16 

Geometric 13.06 35.37   48.43 

Acid Base 4.28 41.21 0.47 4.49 45.49 

Ch 

Harmonic 2.95 37.43   42.07 

Geometric 6.95 39.11   45.81 

Acid Base 1.68 40.73 0.42 1.97 42.45 

Alg 

Harmonic 18.20 30.92   49.12 

Geometric 16.86 28.90   45.76 

Acid Base 4.92 37.53 0.26 3.45 42.45 

  

 

Water contact angle values were measured by using films of samples 

prepared on microscope slides and the obtained results were given in Table 5 and 

Figure 20. The highest water contact angle (84º) was observed for Ch/Aga blends 
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whereas the lowest water contact angle (27°) for agarose hydrogels. Since agarose 

hydrogels were prepared as films (2D) for contact angle measurements, coil to helix 

transition of agarose chains might be prevented so high number of polar groups of 

agarose (-OH) were present on the surface of the agarose films. This result 

supported the SFE values of agarose showing high hydrophilicity of agarose 

compared to other semi-IPN hydrogels. As seen from the Figure 20, agarose shows 

the highest hydrophilicity having the minimum contact angle (27°). Introducing 

both chitosan and alginate polymers caused an increase in the water contact angle 

values of agarose from 27° to 84° and 59°, respectively. This can be a result of the 

addition of charged polymer to any polymer cause not only to chain rigidity but also 

also to crystal domains within the structure [Kaufmann et al., 1998; Wiegel et al., 

1999; Barikani et al., 2009]. Thus, introducing both alginate and chitosan polymers 

caused an increase in the water contact angle value of agarose. Also, it was 

observed that there was no significant differences between the contact angle values 

of Alg and Alg/Aga hydrogels indicating strong effects of alginate in these samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 Water contact angles on various hydrogels. 
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3.1.5 Swelling 

 

 The swelling behavior of hydrogel is an important factor for its practical 

uses. It is a measure of the amount of solvent a material can absorb. In the case 

when the solvent is water, agarose hydrogel showed quite poor swelling ability (310 

%) in comparison to the other semi- IPNs up to 2000 %. This is probably due to its 

uncharged nature and low polarity also resulting from its helical form transition in 

its 3D form. This transition also prevented the dynamic transport of water through 

agarose chains. The presence of the ionic groups of the polymer chains increases 

swelling because ions are solvated while non-ionic groups do not in the aqueous 

medium [Mahdavinia et al., 2004]. However, the chain stiffness was increased 

through the electrostatic interactions between -NH3
+
 of chitosan and OH

-
 ions of 

agarose, and this leads to a decrease in the swelling ratio of Ch/Aga (580 %) in 

comparison to Alg/Aga (2036 %) hydrogels where the charges do not neutralize 

each other. As Alg/Aga has high number of ionizable functional groups like 

carboxylic acid which caused high water uptake of the polymer, the water 

absorption value of Alg/Aga was superior compared to other hydrogels. 

The percent swelling values of the hydrogels were obtained gravimetrically 

by weighing the dry and swollen hydrogels in PBS up to 72 hours. The water 

absorption kinetics of hydrogels were presented in Figure 21. Agarose reaches to its 

highest swollen state in 5 hours while Alg/Aga and Ch/Aga hydrogels reached to 

their equilibrium swelling after 3 and 12 hours, respectively. Maximum water 

absorption (percent swelling) values were calculated as 310 %, 580 % and 2036 % 

for Aga, Ch/Aga and Alg/Aga, respectively (Table 5). 

 

 

 

 

 

 



49 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 21  Water absorption of Ag, Ch/Aga and Alg/Aga in PBS, pH 7.4. 

 

 

Table 5  Water contact angle and water absorption values. 

 

 

 

 

 

 

 

 

3.1.6 Morphology of the Hydrogels  

 

 Tissue engineered 3D structures should have a porosity suitable for the in-

growth of cells and diffusion of the nutrients. Interconnectivity of the prepared 

hydrogels was determined by both confocal microscopy (CLSM) and SEM analysis. 

CLSM images showed that the surface porosities of the hydrogels in their swollen 

state were quite different from each other.  

According to CLSM images taken in the depth of 124 µm, presence of either 

chitosan or alginate within the agarose structure changed the porosity of the 

Sample Contact Angle (θ) Swelling (%) 

Aga 27 310 

Ch/Aga 84 580 

Alg/Aga 59 2036 
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structures (Figure 22). Aga hydrogels were denser compared to Ch/Aga and 

Alg/Aga semi-IPNs.  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 22 CLSM images of the surface of the hydrogels. White areas represent the 

polymer-rich phase (scale bar = 100 µm). 

 

 

According to SEM images, the surfaces of the gels were dense, compact and 

smooth. On the other hand, large interconnected areas and heterogeneous pore 

distribution within the structure of lyophilized samples were observed. The 

appearance of the swollen hydrogel structures observed with CLSM was quite 

different than the images provided by SEM (Figure 23) for lyophilized samples. It 

was observed that macroporous hydrogel structures were formed because ice 

z = 124 µm 

Aga Ch/Aga 

z = 124 µm 

Alg/Aga 

z = 124 µm 
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crystals are formed during the freezing process and by removing these crystals by 

lyophilization, a more porous appearance is obtained [Zaho et al., 2009].  

From SEM images, a skin layer formation was observed on the surface. This 

result was expected since hydrogels can form skin layers due to dehydration at the 

surface during gelation [Zhang et al., 2002; Nayak et al., 2003]. With the addition 

of both chitosan and alginate denser, smaller and interconnected pore structures 

were obtained. Scanning electron micrographs of lyophilized agarose and other 

semi-IPN gels revealed open-pore morphology. The pore sizes of the hydrogels 

calculated from scanning electron micrographs. When cross sections of hydrogels 

were evaluated, measurements of the pore size values demonstrated that micron 

pore sized hydrogels were obtained with the addition of Ch or Alg within the 

agarose.  

Pore sizes of the prepared semi-IPN hydrogels were in the range of 100 µm - 

1 mm (Aga: 600 µm -1 mm, Ch/Aga:  100 µm - 600 µm and Alg/Aga: 100 µm - 

400 µm). According to Schliephake et al. (1991), bone formation occurs if pore size 

of a material is between 100 µm and 600 µm [Schliephake et al., 1991]. Therefore, 

pore sizes obtained for Ch/Aga and Alg/Aga hydrogels were in agreement with the 

desired values for bone tissue engineering. 
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Figure 23 SEM micrographs of the hydrogels. 

  

 

The hydrogels were immersed in cell culture medium (DMEM) and left for 

14 days to check the degradability of the samples. When pore interconnectivity of 

the hydrogels was examined, it was observed that Ch/Aga hydrogels have still 

preserved their interconnected pore structure compared to the other hydrogel types 

(Figure 24).  

                    Surface              Cross section 
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Figure 24 Confocal Microscopy images of the hydrogels left in DMEM Day 14 

(scale bar =100 µm). 

 

 

3.2  In Vitro Studies  

3.2.1 Cell Attachment and Proliferation 

 

 In vitro response of cells to the hydrogels was evaluated by using the L929 

fibroblast cell line which is commonly used in biocompatibility and cell migration 

studies [Beningo et al., 2001; Buckley et al., 2009; Wiegand et al., 2009]. The cell 

attachment on hydrogels was evaluated on the first day of cell culture. After fixation 

of L929 fibroblast cells with 4% PFA, L929 fibroblast cells on the hydrogels were 

observed on day 1, 7 and 14 by staining nucleus of the cells with DAPI and 

cytoplasm of the cell with phalloidin. These two stains were chosen in order to 

overcome the autofluoresce property of chitosan and have clearer cell images. 

Fluorescence images of these cells on the hydrogels with different charges were 

obtained. On day 1, L929 fibroblast cells attached and spread very well on Aga and 

Ch/Aga hydrogels compared to Alg/Aga (Figure 25). 
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Figure 25 Fluorescence images of DAPI/Phalloidin stained hydrogels on Day 1, 

(x10). 

 

 

On day 7, maximum proliferation was observed on Ch/Aga hydrogels 

(Figure 26). While positively charged chitosan addition within neutral agarose 

enhanced fibroblast cell proliferation, negatively charged alginate limited cell 

proliferation which might be because of the electrostatic repulsion between the 

negatively charged cell membrane and the negatively charged surface of the 

hydrogel in the early stages of cell adhesion. Also, alginate had the most superior 

swelling capacity among the hydrogels so the excess water molecules on the 

alginate surface could prevent cell adhesion.  
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Figure 26  Fluorescence images of DAPI/Phalloidin stained hydrogels on Day 7, 

(x20).               

 

 

In order to observe the cell behavior on hydrogels with different charges on 

day 14, the cells were stained with DAPI/phalloidin (Figure 27). Significantly 

higher cell was detected on the positively charged Ch/Aga in comparison to neutral 

Aga and negatively charged Alg/Aga. 
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Figure 27  Fluorescence Images of DAPI/Phalloidin stained hydrogels on Day 14,               

(x10).            

 

 

 

 In order to quantitatively determine the number of cells on the hydrogels, 

MTS assay was performed (Figure 28). Many studies have demonstrated that cell 

adhesion and proliferation are more favorable on reasonably hydrophilic substrates 

compared to hydrophobic or very hydrophilic ones [Wang, 2007]. However, highest 

cell proliferation was observed on Ch/Aga although it was stated that Ch/Aga had 

the most hydrophobic surface (θ =84°) according to contact angle measurements. 

This probably is because the other hydrogels are either too hydrophilic or too 

negatively charged or both. Alg/Aga surfaces resulted in lower cell number 

compared to Ch/Aga. This may be due to dissolution of alginate from the hydrogel 

causing acidic environment and adversely affects the cell proliferation.  
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Figure 28 Cell proliferation of L929 cells on hydrogels. 

 

 

It is not easy to reach a conclusion about a relation between SFE and number 

of cells attached to the surfaces of hydrogels. Since according the harmonic mean 

approximation, SFE values were 67.79 mJ/m
2
, 50.34 mJ/m

2
 and 52.16 mJ/m

2
 for 

Aga, Ch/Aga and Alg/Aga respectively. Although SFE values were quite similar for 

both semi-IPNs about (50 mJ/m
2
), the number of cells attached to the surfaces were 

significantly different. There are some results reported in the literature showing that 

the maximum cell attachment occurred on the plasma modified PMMA surfaces 

which had SFE values of 60 mJ/m
2  

[Ozcan et al., 2008]. The contact angle values 

for the same hydrogels were 27°, 84° and 59°, respectively. Ch/Aga had the most 

hydrophobic structure with 84° demonstrated the highest cell attachment. Alg/Aga 

showed 59° and demonstrated lowest cell attachment. The negative result of 

Alg/Aga could be created by the release of alginic acid into the cell medium. 

 

 

 

1500 

3000 

2500 

2000 

1500 

1000 

500 

    0 

  
  

  
  

  
  

A
b

so
rb

a
n

ce
  

a
t 

4
9

0
 n

m
 

    Day 1          Day 3            Day 7         Day 14  



58 

 

3.2.2 Analysis of Cell Migration within the Hydrogels 

 

 Confocal microscopy was used to evaluate cell penetration through the pores 

by studying the cell seeded scaffolds. For this reason, the hydrogels were cut in half 

in order to remove the skin layer formed at the surface during gelation. L929 

fibroblast cells were stained with acridine orange and their penetration into the 

hydrogel scaffolds at day 7 and day 14 at a depth of 137 µm and their 3D 

arrangement was assessed (Figure 29).  

Initially, hydrogel characterization results showed that Aga, Ch/Aga and 

Alg/Aga hydrogels were significantly different from each other in terms of their 

porosities, SFE and contact angle values. The depth of cell penetration was different 

for different hydrogels as seen in Figure 30. For Aga hydrogels, the depth of 

migration was around 31.4 µm on day 7 and 51.4 µm on day 14 of culturing.The 

proliferated cells on the surface formed a biofilm, leading to limited cell mobility. 

 When different charged groups were introduced into the agarose hydrogels, 

it was observed that the cell penetration behavior was significantly altered. As 

expected, both highest cell number and the highest penetration were observed for 

Ch/Aga hydrogels. For these samples, the cells migrated an average distance of 57.1 

µm on day 7 and 68.5 µm on day 14. According to the MTS assays (Figure 28) the 

highest alive cell number was obtained for these samples, and therefore it can be 

concluded that positively charged environment favored the interaction of the 

scaffold with cells.  

Negatively charged Alg/Aga hydrogels demonstrated the least cell 

penetration about 28.5 µm on day 7 and 42.8 µm on day 14. The change in the 

acidity of the medium could cause these results. These findings were in agreement 

with MTS results. 

 For all samples, 14 days of incubation caused a biofilm formation and 

majority of the proliferated cells were accumulated and prevented further cell 

migration.  
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Figure 29 Penetration of the acridine orange stained L929 cells within the hydrogel 

scaffolds (cross section, z-axis direction). 
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Figure 30  Quantitative analysis of the distance of L929 migration in the hydrogels   

during two weeks of culture. 

 
 

So, it can be resulted that according to the confocal examinations, L929 

fibroblast cells were able to penetrate and diffuse within the positively charged 

Ch/Aga hydrogels more easily compared to Aga and Alg/Aga hydrogels.  
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                                      CHAPTER 4 
 

 

4.                          SUMMARY 

 

 

 Cell attachment and mobility plays quite a crucial role in many biological 

phenomena. The ultimate aim of tissue engineering methods is to repair 

functionality of the damaged tissue through the induction and control of cellular 

behavior within the tissue engineered construct. The goal of this study was to 

examine the effect of charged microenvironment on cell migration and proliferation 

with potential application to tissue engineering. Towards this aim agarose based 

hydrogels with positive, negative and neutral charge were produced. After initial gel 

characterization, cell proliferation and penetration within these gels were compared. 

The chemical, thermal and mechanical characterizations of the hydrogels were 

chiefly performed by FTIR, DSC, TGA and mechanical tester. Water contact angle 

and SFE measurements were done by using goniometer and swelling capacities 

were determined gravimetrically. The results obtained in the current study are 

summarized as follows: 

 

 The FTIR spectra of the semi-IPNs revealed that components of the 

hydrogels could be detected in the spectra.  

 Mechanical analysis results showed that semi-crystalline chitosan addition to 

agarose enhanced the ultimate compressive strength from 103.11 Pa to 

210.45 Pa and decreased the elastic modulus from 162.32 Pa to 159.51 Pa.  

During gelation, coil to helix transition of polymer chains of agarose led to a 

stiff gel structure of agarose. On the other hand, the addition of alginate 

caused a decrease in both ultimate compressive strength and elastic modulus 
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values of agarose hydrogels due to the dynamic transport of water within the 

alginate polymer chains. 

 In the DSC curves, melting points could not be detected. This is probably 

due to the decomposition of these polymers prior to melting. Decomposition 

temperatures of all hydrogels were observed above 250°C. Both DSC and 

TGA curves confirmed that the addition of chitosan increased the 

degradation temperature of Aga hydrogel from 267°C to 300°C.  

 Hydrophilicity of the semi-IPN hydrogels was evaluated by SFE and contact 

angle measurements. From the SFE calculations, the polar components of 

agarose hydrogel were found to have the highest value (8.58 mJ/m
2
) among 

the hydrogels. High hydrophilicity of agarose which was supported by 

contact angle measurements was due to the high number of polar groups of 

its solvated form. On the other hand, either chitosan or alginate addition has 

decreased the surface hydrophilicity because of their charged nature, led to 

chain rigidity.  

 Both chitosan and alginate containing agarose hydrogels resulted in an 

overall trend toward increasing swelling in equilibrium. A significant 

increase was observed in water intake of alginate containing hydrogels when 

compared to other hydrogels. This result indicated that alginate had high 

number of ionizable functional groups like carboxylic acid which caused 

high water uptake of the polymer compared to other prepared hydrogels. 

However, the increase in swelling capacity of the Alg containing hydrogels 

did not have an effect on hydrophilicity most probably due to the highly 

charged rigid chain structure in its 2D form. 

 SEM analysis demonstrated that hydrogel surfaces were dense, compact and 

smooth. On the other hand, large interconnected areas and heterogeneous 

pore distribution within the structure of lyophilized samples were observed. 

 L929 cell line was used to examine cell interaction with the hydrogels. 

Much better cell attachment and proliferation on Ch/Aga semi-IPN‟s were 
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observed compared to Aga and Alg/Aga hydrogels in the confocal images of 

the cells and MTS assay.  

 The effect of the charged microenvironment on cell migration and 

proliferation were assessed by confocal microscopy on day 7 and day 14 

with a maximum depth of 137 µm.  

 L929 fibroblast cells were able to penetrate and diffuse within the positively 

charged Ch/Aga hydrogels more easily compared to Aga and Alg/Aga 

hydrogels.  

 

As a result, Ch/Aga hydrogel scaffolds could be thought as quite a promising 

candidate for tissue engineering applications. Additional modifications upon the 

Ch/Aga hydrogel would make possible to control and improve cell migration into 

these scaffolds. Excitingly, an „optimal‟ smart scaffold option can be created to 

direct cell migration in vivo for tissue engineering applications. 
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