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                                Co-Supervisor: Assist. Prof. Dr. İrem Erel Göktepe  

 

March 2015, 147 pages 

 

 

Layer-by-layer (LbL) deposition is a useful method for the preparation of ultra-thin 

films. Using this technique, very thin films, starting from few Angstroms up to few 

micrometers can be obtained. Lately, most of the polyelectrolyte applications have 

employed natural polymers, mainly anionic alginate (ALG) and cationic chitosan 

(CHI), which have been playing an important role in biomedical research. Besides their 

attractive biocompatibility, biodegradability, abundance and ease of processing, these 

polymers have a potential ability to mimic some biological microenvironments.                                                                                                                                

Calcium phosphate compounds are also preferable materials because of their similarity 

to natural bone minerals, and used in orthopedic and dental applications as grafts, 

fillings, as carrriers for hormons, growth factors or drugs which all enhance the 

differentiation and proliferation of cells and in total formation of new bone tissue. 

Gelatin (GEL) is also an important polymer used in polyelectrolyte multilayers. Layer-

by-layer growth of CHI/GEL and ALG can be a good candidate for local antibiotic 

treatment.  
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In this work, firstly, multilayered nanocomposites were produced as LbL two-

dimensional (2D) films by using chitosan (CHI) and alginate (ALG) as interacting 

polymers as well as some salt solutions to obtain nano size calcium phosphates niches 

within each layer. Optimum film formation conditions were determined by using 

different parameters such as pH of the medium, salt concentration and layer deposition 

order. The produced films were tested for Saos-2 cell attachment and proliferation.  

In the second part of the study, microlayer films were prepared via solvent casting 

method. These films contained three layers and some loaded with a model antibiotic 

namely ceftriaxone sodium (CS). The films were prepared either without drug as 

controls, or CS loaded in alginate layer and coded as CHI/ALG/CHI, CHI/ALG-

CS/CHI, CHI-GEL/ALG/CHI-GEL and CHI-GEL/ALG-CS/CHI-GEL. Mechanical 

properties of the films and release kinetics of CS from the films were investigated. 

It was concluded that, formation of nano LbL films on implant surfaces to make them 

biocompatible is possible, and microfilms prepared by solvent casting can be good 

candidates as drug carrier devices. 

 

Keywords: Layer-by-Layer, Bone Tissue Engineering, Antibiotic Release, 

Polyelectrolyte Multilayers.  
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ÖZ 

 

 BİYOMEDİKAL UYGULAMALAR İÇİN KATMAN 

KATMAN FİLMLER 

 

 

 

Gündoğan, Zeynep 

Yüksek Lisans, Kimya Bölümü 

         Tez Yöneticisi: Prof. Dr. Nesrin Hasırcı 

               Ortak Tez Yöneticisi: Yar. Doç. Dr. İrem Erel Göktepe 

 

Mart 2015, 147 sayfa 

 

 

Katman katman film büyütmek ekstra ince filmlerin hazırlanması için kullanışlı bir 

metottur. Bu teknik kullanılarak, birkaç Angstromdan başlayıp birkaç mikrometre 

kalınlığa kadar olan çok ince filmler elde edilebilir. Son zamanlarda, polielekrolit 

uygulamalarının büyük bir kısmında, medikal araştırmalarda önemli bir rol oynayan 

doğal polimerler, özellikle anyonik aljinat (ALG) ve katyonik kitosan (CHI) 

kullanılmaktadır. Biyouyumluluk, biyobozunurluk, doğada bulunabilirlik ve işleme 

kolaylığı gibi özelliklerinin yanısıra, bu polimerlerin bazı biyolojik mikroortamları 

taklit edebilme potansiyeli vardır. Kalsiyum fosfat bileşenleri de, insan kemiğindeki 

mineral yapısına benzerliklerinden dolayı tercih edilen, ortopedi ve diş hekimliği 

uygulamalarında, hücre farklılaşmasını ve çoğalmasını toplamda yeni kemik dokusu 

oluşumunu arttıran, graft, dolgu, ve taşıyıcı olarak hormon, büyüme faktörü ve ilaç için 

kullanılan malzemelerdir. Jelatin (GEL) de çok katmanlı polielektrolit film 

oluşturmakta kullanılan önemli bir polimerdir. Katman katman oluşturulan CHI/GEL 

ve ALG filmler bölgesel antibiyotik tedavisi için iyi bir aday olabilirler.  
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Bu çalışmada, ilk olarak, birbirleriyle etkileşimi iyi olan kitosan (CHI) ve aljinat (ALG) 

kullanarak ve de katmanlar arasında kalsium fosfat nişleri oluşturmak amacıyla ortama 

bazı tuz çözeltileri ekleyerek iki boyutlu (2B) filmler halinde çok katmanlı 

nanokompozitler oluşturulmuştur. Optimum film oluşturma şartları ortam pH’ı, tuz 

konsantrasyonu ve katman depozisyon sıralaması gibi farklı parametreler kullanılarak 

tayin edilmiştir. Oluşturulan filmler üzerindeki Saos-2 tipi hücrenin tutunması ve 

çoğalması incelenmiştir.  

Bu çalışmanın ikinci bölümünde, mikro katman filmler çözelti döküm metodu ile 

hazırlanmıştır. Bu filmler üç tabaka olarak yapılmış ve bazıları model bir antibiyotik 

olarak ceftriaxon sodium (CS) ile yüklenmiştir. Bu filmler, kontrol olarak ilaçsız veya 

aljinat tabakasına CS yüklenmiş olarak hazırlanmış ve CHI/ALG/CHI, CHI/ALG-

CS/CHI, CHI-GEL/ALG/CHI-GEL ve CHI-GEL/ALG-CS/CHI-GEL olarak 

kodlandırılmıştır. Oluşturulan filmlerin mekanik özellikleri ve CS’nin filmlerden salım 

kinetikleri incelenmiştir.  

Nano LbL filmlerin implant yüzeylerine kaplanarak yüzeyi biyouyumlu yapmasının 

mümkün olduğu ve çözücü döküm metodu ile hazırlanan mikro filmlerin ilaç taşıyıcılar 

olarak iyi bir aday olduğu yorumu yapılmıştır. 

 

Anahtar Kelimeler: Katman-Katman Filmler, Kemik Doku Mühendisliği, Antibiyotik 

Salımı, Polielektrolit Çok Katmanlı Filmler. 
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CHAPTER 1 

1. INTRODUCTION 

 

1.1. Bone 

Bone is a dense, porous and semi rigid connective tissue which forms the endoskeleton 

of human body. Bone tissue plays an important role in different functions in the body, 

such as structural support, red and white blood cells production, organ protection, 

locomotion mineral storage and and physiological functions such as the blood vessel 

formation (Penninger, et. al., 2011). Normal bone formation is an expanded process 

comprising ordered growth-regulatory steps which is conducted carefully. A complex 

interaction of cellular, molecular and systemic components constitutes the physiology 

of bone. As a return to molecular and mechanical effects, mineral resorption and 

deposition take place within a balance in bone (Hollinger, et. al., 2005), being a 

regularly remodeled tissue. Bone has high capacity of self-healing and remodeling, yet 

exhibits slow regeneration rate. 

 

Bone Structure and Composition 

Bone consists of extracellular matrix (inorganic and organic matters) and cells, that are 

osteoblasts (bone-forming cells), osteoclasts (bone-resorbing cells) and osteocytes 

(mature bone cells), which makes bone a composite material. Bone is a hierarchically 

structured tissue and depending on its structure at all levels of hierarchy, its mechanical 

properties change according to it (Figure 1.1.) (Wallace et. al., 2015). 
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Figure 1.1. Schematic drawing of hierarchical structure of bone (Wallace et. al., 2015) 

 

Depending on the bone types, the organic phase of bone consists largely of collagen of 

type I, the inorganic phase is carbonated calcium phosphate derivative, and water in 

different amounts (Skedros et. al., 1993).  

 

The main components of hard tissue are; collagen, hydroxyapatite (calcium phosphate 

compound) and organic molecules in aqueous phase. For a healty man the percent 

values of these components are approximately given as; 60% inorganic component, 

25% organic components including collagen, other proteins and polysaccharides, 9% 

water and 5% minerals. These values depend on the sex, age and genetic background 

(Murugan, et. al., 2005; Basu, et. al., 2009). Biochemical composition of bone is 

tabulated in Table 1.1. Cell types such as endothelial cells, lining cells, fibroblasts and 

stem cells are exist in bone tissue, in addition to the main bone cells. 
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Table 1.1. Biochemical composition of bone 

Inorganic part Organic part 

Hydroxyapatite [HAp-Ca10(PO4)6(OH)2] Collagen type I 

Minerals (sodium, magnesium,  

other traces) 

Non-collagenous proteins, morphogenetic 

proteins, serum proteins 

Carbonates Polysaccharides, lipids, cytokines 

Citrates 

Primary bone cells (osteoblasts, 

osteocytes, osteoclasts) 

Water  - 

 

By including primarily of type I collagen, which constitutes 90% of the organic phase 

in bone tissue, the organic matrix makes 20% of bone wet weight. The polypeptides 

(Gly – X – Y) where Gly, X and Y designated for glycine, proline and hydroxyproline, 

respectively, denotes the polypeptide chains of collagen forming the primary structure 

of it (Figure 1.2.). Three collagen strands align together and form a triple helix 

structure, called tropocollagen, fastened by hydrogen bonding. Those tropocollagen 

molecules are self-assembled in a parallel orientation, generating collagen fibrils. These 

collagen fibrils are finally bundled together and result in collagen fibers as shown in 

Figure 1.2. (Olszta et. al., 2007). The remaining 10% of organic matrix composes of 

noncollagenous proteins and proteoglycans which take part in vital functions in cell 

attachment, differentiation, mineralization and remodeling of bone. 
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Figure 1.2. Representation of primary and triple helix structure of collagen chain 

(Olszta et. al., 2007) 

 

Inorganic phase makes up of the 65-70% of the wet weight of bone. It is largely 

constitutes from a mineral salt of mostly calcium phosphates in a crystalline structure, 

hydroxyapatite, Ca10(PO4)6(OH)2, organized both on the surface and in the interior of 

the collagen fibrils. Hydroxyapatite (HAp) crystal structure is shown in Figure 1.3. The 

inorganic content is responsible for the hardness and stiffness of the bone, providing 

incomparable biomechanical properties. In addition, by storing about 99% of calcium, 

85% of phosphorus and 40-60% of sodium and magnesium found in the body, bone 

minerals are the primary ion sources of the body. In mature bone, minerals are 

corporated with collagen fibrils. HAp crystals are either located in the direction of 

collagen fibrils or they are organized in an ordered manner in channels or grooves 

formed by neigboring gaps within the collagen network (Weiner, et. al., 1986; Landis, 

et. al., 1996). Since this part provides stiffness and strength to the bone, the mineral 

phase is cruicial for the mechanical properties of the bone. 
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Water, being existed in between the tropocollagen.molecules, within the fibrils and in 

the gaps, is also another vital bone component. Interstitial water, by stabilizing collagen 

and mineral contents of bone tissue through hydrogen bonding, play a crucial role in 

retaining the biomechanical functions of the bone (Weiner and Wagner, 1998). 

 

 

Figure 1.3. Crystal structure of hydroxyapatite mineral (Skinner, 2005) 

 

As mentioned before, bone composition differs about bone types, where cancellous 

bone is less stiff than cortical bone. The mechanical properties of different hard tissues 

are included in Table 1.2. 

 

Table 1.2. Mechanical properties of various human hard tissues 

Osseous tissue Elastic modulus (GPa) Tensile strength (MPa) 

Cortical bone 17.7 133 

Cancellous bone 0.30 15 

Enamel 85 
11.5 transverse,  

42.2 parallel 

Dentine 32.4 44.4 
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1.2. Bone Repair 

One of the incomparable properties of bone is that old tissue is continuously being 

replaced with the new tissue; this process is called bone remodeling. Bone is one of the 

tissues that have the ability to regenerate when a partial defect occurs. However, bone 

itself can not heal critical size defects. Therefore, a supporting material or a bone 

substitute is needed to fill damaged bone tissue part. 

 

1.3. Approaches in Bone Repair and Regeneration  

The basic repair mechanism of bone may break down in the cases of large defects 

resulted from degenerative diseases, tumor resection, trauma, or as a result of infection. 

Therefore, for bone treatment several clinical approaches have been evolved. 

Bone grafting is the most widespreadly used method, involving the transplantation of 

bone from a donor site to defect site with the purpose of triggering new bone formation 

(Khan et. al., 2005; Bormann et. al., 2012). Autografting can be described as supplying 

the transplanted bone from patient’s own body. By this way, it is higly important in 

clinical applications. Autografts, being transplanted from the patient’s own body, is 

osteoconductive and osteoinductive and has no risk of viral transmission and have the 

advantages of including bone cells and proteins within. However, limitations of 

availability, possible nonunion in large bone loss and harvest associated morbidity at 

the donor site are the major drawbacks of this procedure. 

Xenografts are a type of bone substitutes excluded from other species. Deproteinized 

bovine and porcine xenografts have been used in order to fill bone defects and ensure 

bone union. These materials should be treated before usage to decrease their 

antigenicity. It was shown that the untreated bovine xenografts triggered a transient 

antibody response; however, if they were cleaned by hydrogen peroxide and 

isopropanol before usage, the inflammatory response was significantly decreased. 

Moreover, it was proved that bone integration with xenografts was same as allograft 

controls after 24 weeks of implantation (Katz et. al., 2009). When bovine origin 
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xenografts were investigated in vivo, the being of bovine origin xenografts 

osteoconductive besides being biocompatible was effectively demonstrated (Ramirez-

Fernandez et. al., 2011).  

Direct injection of bone marrow to the nonunion defect sites can be numbered as 

another procedure applied. Autogeneic grafting increases the rate of fracture healing 

and new bone formation because bone marrow is a source of osteoprogenitor cells 

(Healey et. al., 1990). However, this method also has drawbacks in the same way as 

autografting such as finite availability.  

As an option to the use of bone grafts, injectable bone cements can be used as bone 

fillers at defect sites. Bone cements, which are mainly constitutes from calcium 

phosphate compounds occuring in natural bone architecture, include acrylics or 

ceramics. Injectable cements have the property of filling special gaps incorporated in 

damaged bone ends. Acrylic bone cements gathered from poly (methylmethacrylate) 

(PMMA) bear fine compressive strength and stability and have been used in bone 

fixation as implant materials (Saha and Pal, 1984). With the supplementary advantages 

of biocompatibility and osteoconductivity, bone cements prepared from calcium 

phosphate compounds can be a good alternative to acrylic cements. In a clinical study 

lasting for 29 years, HAp bone cements were studied with the aim of fixation of 

prostheses to the bone. The results appealed that no loosening or osteolysis occurred 

(Oonishi et. al., 2012). 

 

1.4. Bone Tissue Engineering 

Tissue engineering is defined as ‘an interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of biological substitutes that 

restore, maintain or improve tissue function’ by Langer and Vacanti (Langer and 

Vacanti, 1993). In tissue engineering point of view, architectures to be used for that 

purpose mainly includes a carrier or template structure defined as scaffold, cells and 

bioactive agents. For bone tissue engineering applications, any attempt should be aimed 
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to stimulate bone formation and the components to be used should be chosen as 

specific for that purpose.  

 

1.4.1. Methods Used in Bone Tissue Engineering 

There are several methods to be used for bone tissue engineering purposes such as 3D 

scaffolds, hydrogels and 2D multilayer films.  

Scaffolds are primarily the support and guidance systems for cells undergoing 

necessary cellular events that eventually lead tissue regeneration and remodeling. The 

absolute function of scaffolds is to behave as a template that allows migration, 

proliferation and differentiation of bone cells with preserving their phenotypes for bone 

tissue engineering applications. Scaffolds finally achieve new bone formation and 

restoring of function by supporting 3D tissue formation both mechanically and 

biologically. Consequently, they also behave as sources of osteogenic factors such as 

bone growth factors by mechanically supporting the injury site during regeneration 

(Salgado et. al., 2004; Ucar et. al., 2013)..According to literature, the main 

requirements for tissue engineering scaffolds are:  the scaffold should be biodegradable 

so that the treated tissue will be able to replace the biomaterial, should not trigger acute 

or chronic response, should provide surface properties that will favor cell attachment, 

differentiation and proliferation, have appropriate mechanical properties for handling 

and to mimic the defected tissue, and finally, be applied into a variety of different 

shapes (Oltenau et. al., 2007; Zhu et. al., 2005).. 

Gels are constitutes from a solid phase, generally comprising less than 10% of the total 

volume of the gel, and a liquid phase. In hydrogels, the liquid phase is water (and 

sometimes.adjuvants). Making the liquid phase able to absorb large amount of water 

while staying insoluble in it, the solid phase yields the consistency of the gel (Riva et. 

al., 2011). Due to their high water content, making them compatible with a majority of 

living tissues, hydrogels are exciting biomaterials. Additinally, they are soft and 

bendable eliminating the damage to the surrounding tissue during and after 
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implantation in the patient (Dash et. al., 2011). The mechanical properties of hydrogels, 

allowing the gels to guarantee both morphological and functional characteristics of the 

tissue to be repaired tend to imitate the mechanical properties of soft body-tissues 

(Dash et. al., 2011). Hydrogels are generally used as scaffolds for tissue repairs, and 

also can be used for other biomedical applications such as facial filling materials, as 

well as drug and growth factor delivery devices (Muzzarelli et. al., 2005). 

2D layer-by-layer film deposition technique (LbL), being a relatively new technique, 

also gains widespread usage in bone tissue engineering. The detaied information about 

LbL technique is given in the following sections. 

 

1.5.1. Layer-by-layer Method 

Layer-by-layer (LbL) self assembly is a very simple and versatile technique which can 

be used for modifying material surfaces depending on the purpose (Boudou et. al., 

2011). LbL method for polyelectrolytes involves the alternate deposition of 

polycationic and polyanionic species on top of a surface activated substrate of any kind. 

By this way, the surface charge is counterveiled with every oppositely charged layer 

deposition due to the electrostatic attractions and short range interactions such as van 

der Waals forces, hydrogen bonding, etc., making use of films of tunable characteristics 

in the end (Boudou et. al., 2011; Altay, 2011). Figure 1.4. demonstrates a simple 

scheme of layer-by-layer self assembly method of polyelectrolytes (Costa and Mano, 

2014).   
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Figure 1.4. Scheme of layer-by-layer self assembly method of polyelectrolytes (Costa 

and Mano, 2014) 

 

A multilayer film can be produced as monolayers of having nanometer thicknesses, and 

can be built up to multilayers of micron scale thicknesses. (Richert et al., 2004). These 

LbL films either as nanometer size or micrometer size, and prepared from broad choice 

of substrates can be used in different research fields in many different physical forms. 

Some of them are summarized in the following paragraph. 
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LbL films can be deposited on micro and nano-capsules (Szarpak et al., 2010; Jayant et 

al., 2009; Bohnenberger et. al., 2014),.films (Croll et al., 2006; Ke et al., 2011; Zhu et 

al., 2003; Volodkin et. al., 2014, Buron, et. al., 2014),.tubular forms (Zhao et al., 2010; 

Destri et. al., 2014) and porous scaffolds (Zhu et al., 2004; Mututuvari et. al., 2013, 

Silva et. al., 2013; Ariani et. al., 2013).made from variety of materials such as; PLGA 

(Croll et al., 2006), P(DL)LA (Zhu et al., 2003; Zhu et al., 2004),.carbon sheets (Zhao 

et al., 2010), alginate gels (Jayant et al., 2009),.polystyrene derivatives (Ke et al., 

2011),.copper cobalt oxide (Amri et. al; 2014),.Al/Ti (Kovacevic et. al., 2015) and 

Zinc(II)-8-hydroxy-5-nitrosoquinolate ([Zn(II)-(HNOQ)2]) (Haggag et. al., 2013).   

LbL technique enable the substrates cell adhesive or cell resistant behaviors and can 

declare adjustable bio-fouling features and (Khademhosseini et al., 2004; Croll et al., 

2006; Fukuda et al., 2006; Yu et. al., 2014) protein resistant (Croll et al., 

2006)..Additionally, LbL.films can be functionalized as drug, bioactive agent, or 

DNA/RNA delivery vehicles.(Nadiri et al., 2007; Dimitrova et al., 2008; Elsevier, 

2015; Cheng et. al., 2013)..Many different materials including synthetic (poly-l-lysine, 

polyethyleneimine, poly(allylamine hydrochloride), poly(styrene sulfonate-)) (Fukuda 

et al., 2006; Primorac et al., 2010; Priya et al., 2009; Kakade et al., 2009), 

poly(vinylpyrrolidone), poly(acrylic acid), poly(allylamine hydrochloride)/and 

poly(diallyldimethylammonium chloride)/poly(4-styrenesulfonate) (Ma et. al., 2015; 

Wodka et. al., 2015) and natural polymers namely hyaluronic acid, chitosan, collagen, 

heparin, etc. (Lawrence et al., 2009; Song et al., 2009; Johansson et al., 2005; Bhalareo 

et. al., 2015) can be used in the production of LbL films..  
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1.5.1.1. Insights into layer-by-layer technology 

The LbL technique was firstly created by Iller in 1965. He deposited alternate layers of 

positively and negatively charged colloidal particles from sols onto a smooth.glass 

surface. By enabling electrostatic polyelectrolytes to deposit in a layer-by-layer fashion 

for the first time, Decher evolved this idea in 1991. Keller and co-workers revealed that 

electrostatic attractions can be used to build multilayer films that can be seen as surface 

analogs of intercalation compounds. By producing complex layered structures with 

carefully controlled layer composition and thicknesses, they pointed the technique as 

self-regulating, rapid and experimentally very simple. Besides, the technique needs 

very simple apparatus, such as beakers and tweezers (Keller et. al., 1994).  

The use of LbL self-assembly systems in drug delivery.was introduced by Qiu et al. in 

2001 (Qiu et. al., 2001; Deshmukh et. al, 2013). They deposited polysaccharide 

multilayers on ibuprofen microparticles by LbL assembly of oppositely charged 

polyelectrolytes. Chitosan, dextran sulfate, carboxymethyl cellulose, and sodium 

alginate (biocompatible polyelectrolytes), were employed as coating materials to built 

up polyelectrolyte microcapsules (PEMs) with shell thicknesses ranging from 20 to 60 

nm (Qiu et. al., 2001). A recent study concerning the controlled release antimalarial 

drug of 1,3,5-trisubstituted-2-pyrazolines, from biocompatible chitosan–heparin LbL 

self-assembled thin film was conducted by Bharalereo and his group. They studied the 

controlled release kinetics of the three drugs through LbL thin films composed of 

biocompatible, biodegradable and safe polyelectrolytes (Bhalareo et. al., 2015).   

Kozlovskaya et. al. reported pioneering findings about dynamics of synthetic and 

biological macromolecules at interfaces by using self-assembly, surface modification 

and spectroscopic data. In one of their studies, they produced hydrogen-bonded 

multilayers of a neutral polymer poly(N-vinylpyrrolidone), PVP, with poly-

(methacrylic acid), PMAA, as templates to achieve crosslinking between PMAA layers 

using carbodiimide chemistry and ethylenediamine as a cross-linking agent..The effects 

of pH, ionic strength and encapsulation of macromolecules on PMAA hydrogel 

capsules were evaluated by them (Kozlovskaya et. al., 2006). 
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Sukhishvili and co-workers developed a highly efficient, biocompatible surface coating 

that disperses bacterial biofilms through enzymatic cleavage of the extracellular biofilm 

matrix (Pavlukhina et. al., 2012). The coating was made by natural enzyme dispersin B 

(DspB) to surface-attached polymer matrices via LbL deposition and assembled 

through electrostatic interactions of poly(allylamine hydrochloride) (PAH) and PMAA, 

followed by chemical cross-linking with glutaraldehyde (GA). The pH-triggered 

removal of PMAA produced a stable PAH hydrogel matrix, which was used 

subsequently for DspB loading (Pavlukhina et. al., 2012). 

 

1.5.1.2. LbL Application Areas 

LbL method can be utilized in a widespread area ranging from optical and electronic 

devices (Swati et al., 2010; Zhao et al., 2010; Noh et. al, 2013; Suzuki et. al., 2013; 

Mitchell et. al, 2015; Zheng et. al., 2015; Hajimirza et. al., 2014; Detstri et. al., 2015), 

to biomedical coatings (Khademhosseini et al., 2004; Fukuda et al., 2006; Li et al., 

2009; Jiang et. al., 2015). Recently increased use of biocompatible and natural 

polyelectrolytes expanded the field more in biomedical applications (Croisier et. al., 

2013).  

  

Various researchers studied the targeted siRNA/plasmid DNA delivery with multilayer 

films and found that these films have shown successful expression of the phenotypes 

(Dimitrova et al., 2008; Richard et al., 2010). Additionally, the high effectivity of drug 

and bioactive loaded polyelectrolyte multilayer films in delivering the agents and 

inducing the particular response has been well studied (i.e. bone morphogenic proteins 

(BMPs), melanocyte stimulating hormone (MSH), transforming growth factors (TGFs) 

etc.). Increased cytotoxicity as a response to delivery of cancer drugs (Schneider et al., 

2007), differentiation of stem cells or myoblasts to osteoblasts as a response to delivery 

of BMPs and TGFs (Crouzier et al., 2009; Crouzier et al., 2010), decrease in synthesis 

of inflammatory reagents as a response to MSH delivery (Benkirane-Jessel et al., 2004) 

were also given in literature. Also, by changing the stiffness of the multilayer films cell 
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differentiation was found to be adjusted (Ren et al., 2008; Blin et al., 2009; Kavoosi et. 

al; 2014). There are various types of polycations and polyanions to be used as a 

potential candidate for the construction of multilayer LbL films. Of all these 

polycations and polyanions; the ones having natural origin as polyamino acids and 

polysaccaharides are given much more importance for bone tissue engineering 

applications. These natural polymers can easily mimic extracellular matrix (ECM) 

structure and chemistry and can easily be produced in micrometer scale architectures. 

Although the recent studies concerning the production of multilayer LbL films give 

particular importance to the preparation of novel delivery systems (Crouzier et al., 

2009; Crouzier et al., 2010; Bucatariu et. al., 2015), to the control cell fate by adjusting 

the substrate stiffness (Blin et al. 2010) and to adjust cellular microenvironment for  

stem cell attachment and differentiation (Crouzier et al., 2009; Ren et al., 2009; Jipa et. 

al., 2012), still multilayer LbL technique carries a huge potential for the artificial tissue 

constructs (Shinohara et. al., 2013).  

However, lesser studies concerning the use of LbL architectures for tissue engineering 

applications can be found in literature. In one study, Lee et. al. achieved the 

construction of composite scaffolds consisting of poly(ε-caprolactone) (PCL) and 

silica, via melt-plotting/coating process and the potential feasibility of the prepared 

scaffolds for bone tissue regeneration purposes was successfully indicated (Lee et. al., 

2014). In another research, Levingstone et. al. studied on the improvement of a 

multilayer construct for osteochondral repair, which was produced by a novel “iterative 

layering” freeze-drying technique (Levingstone et. al., 2014). In another study, 

researchers produced novel nanofibrous mats layer-by-layer coated by silk fibroin and 

lysozyme on the cellulose electrospun template via electrostatic interaction. When the 

results were examined, it was seen that the the mats could actively inhibit bacteria and 

exhibit excellent biocompatibility as proved by antibacterial assay and in vitro cell 

experiments. The produced mats cultured with human epidermal cells could trigger 

wound healing and avoid wound infection as proved by the in vivo implant assay (Xin 

et. al, 2014), yet there is still no compherensive study in the literature using LbL 

technique for bone artificial tissue architecture fabrication. 
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1.5.1.3. Mechanisms of LbL Assembly 

LbL technology takes advantage of the charge–charge interaction between substrate 

and monolayers of polyelectrolytes to create multiple layered nano-architecture held 

together by electrostatic forces. The formation of LBL systems are attributed to 

electrostatic interactions, hydrogen bonding, hydrophobic interactions and van der 

Waals forces (de Villiers et. al., 2011). 

 

1.5.1.3.1. Electrostatic interaction 

Electrostatic interactions result adsorption of uniform and thin films (thickness 40–600 

Å) on a variety of substrates. Electrostatic attractions are developed between the 

partially doped chains of the polycation and the negatively charged chains of the 

polyanion (Cheung et. al., 1997).  

 

1.5.1.3.2. Hydrogen bonding 

LbL assembly can be achieved by using hydrogen bonding. Being more difficult to 

produce than their electrostatically assembled counterparts, hydrogen-bonded LbL 

constructs open new insights for LbL films. These new insights are: 1) easy production 

of LbL films responsive to environmental pH at mild pH values, 2) inclusion of 

polymers with low glass transition temperatures (e.g., PEO) within ultrathin films and 

3) possible conversion of hydrogen bonded films into single- or two-component ultra 

thin hydrogel materials. These properties may be used for the development of pH 

and/or temperature responsive drug delivery systems, release films dissolvable under 

physiological environment and materials with tunable mechanical properties. In a 

recent study conducted by Ruitao et. al., to construct ultrathin multilayer films with 

specific three-dimensional architectures by the using of hydrogen bonding, a two-

dimensional fabrication method was achieved and it was found to be a good fabrication 

technique for constructing nano-structures for different applications (Ruitao et. al., 

2013). 
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1.5.1.3.3. Hydrophobic interactions 

Hydrophobic interactions play an important role for LbL assembly. When giving 

consideration about LbL multilayer formation, studies has shown that both ionic and 

hydrophobic interactions must be given of much importance. By using recent data 

available on adsorption of proteins, dyes, polymers, and nanoparticles (NPs), it is 

revealed that the participating of hydrophobic interactions gives more insight to a 

number of experimantal facts that were difficult to explain by looking only at the 

electrostatic mechanism point of view (Kotov, 1999). Hydrophobic interaction 

contribution in fabricating LbL nano-architectures has a high potential for further 

studies since still little information is available about it. Mukhopadhyay et al. claimed 

the presence of interplay between hydrophilic and hydrophobic interactions to achieve 

the needed molecular orientation in Langmuir–Blodgett film deposition. To realize the 

effect of hydrophilicity or hydrophobicity of substrate in determining molecular 

orientation of three-tailed amphiphilic salt ferric stearate in Langmuir–Blodgett films, 

they used X-ray, neutron scattering, and Fourier transform infrared (FTIR) methods 

(Mukhopadhyay et. al., 2005).  

  

Wong et al. produced thin PEM films by alternate deposition of a hydrophobic N-

alkylated polyethylenimine (PEI) and a hydrophilic polyacrylate. They reported that the 

LbL coat created antifouling and antimicrobial activities, as well as much less protein 

adsorption from blood plasma. Another finding was the higher resistance to protein 

adsorption for the cases where polyanion was on top layer. They eventually get to the 

conclusion that the presence of hydrophobic/hydrophilic nanodomains and surface 

charge are factors effecting LbL film's resistance to protein adsorption (Wong et. al., 

2012). 

 

1.5.1.3.4. Van der Waals forces 

Van der Waals (VDW) forces also take place in the orientation of the oppositely 

charged layers. Now widespreadly encountered in biomedical, electrical and energy-
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related fields, film growth takes place by sequential adsorption of oppositely charged 

species (Song et. al., 2009). Sato and Sano explained that the acid-treated single-walled 

carbon nanotubes (SWCNTs) dispersed in water, just balancing against van der Waals 

attractions are mainly of kinetically stable with electrostatic double layer repulsions. 

Immediate coagulation of SWCNTs occurs by introduction of any external factor to 

spoil this balance. Sato and Sano submerged amine-covered flat substrate in the 

dispersion to achieve the adsorption of SWCNTs onto the substrate surface. They 

formed SWCNT bundles in a LbL manner by repeating an adsorption-rinse-dry cycle, 

meaning to create a 2D network including only of SWCNTs that are held only by 

VDW interactions (Sato et. al., 2005). 

 

Since the early 1990s, interest in the LbL technique has been increasing and drug 

delivery applications were achieved in the following decades. Currently the LbL 

approach is used as a platform for several drug delivery systems such as microcapsules, 

nanoparticles (NPs), films, microgels, carbon nanotubes, and resealed erythrocytes 

(Song et. al., 2009; Sato et. al., 2005; Zhang et. al., 2010; Agarwal et. al., 2008; Fan et. 

al., 2006; Kozlovskaya et. al., 2006).  

 

 

1.5.1.4. Polymers Used in LbL Systems 

Most of the PEM applications mentioned above have employed with natural polymers, 

mainly anionic alginate (ALG) and cationic chitosan (CHI), which have been playing 

an important role in biomedical and dental research (Haidar, et. al., 2010b). Following 

sections give information about these natural polymers. 

 

1.5.1.4.1. Chitosan 

Chitosan is a linear polysaccharide that is obtained by deacetylation of chitin. Chitosan 

is a bio-compatible, bio-degradable, bio-renewable, and non-toxic polymer and is a 
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natural product by being the most important derivative of chitin. It is the second most 

commonly found natural polysaccharide after cellulose in the universe. Chitosan is 

gathered from naturally occurring sources such as bone plate of squid and the shells of 

crabs and shrimps, from laboratory to industrial scale. Chitosan production includes 

deproteinization, demineralization, and deacetylation (Nwe et. al., 2014). Chitosan is 

composed of 1-4 linked D-glucosamine and N-acetylated D-glucosamine units either in 

random or block distribution depending on the processing method. It is rich in 

functional groups and have hydroxyl, amino and acetylamino groups in the molecule 

chain endowing chitosan with versatile chemical properties (Yang et al., 2014). 

Moreover, the amino groups make chitosan a natural polyelectrolyte that readily 

dissolves in acidic solution. Molecular weight of chitosan ranges from 300 to over 1000 

kDa. Depending on the source and processing conditions, degree of deacetylation 

ranges in between 30-95%. Deacetylation degree of chitosan is an influential factor on 

both chemical and biological properties of the polymer because as deacetylation degree 

increases, so does the presence of free amino groups which effect the overall chemical 

properties and related biological functions. Chemical structures of chitosan and chitin 

are shown in Figure 1.5. 
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Figure 1.5. Chemical structures of chitosan and chitin (Yang, 2011)  

 

Chitosan is a semi-crystalline polymer whose crystallinity highly depends on the 

degree of deacetylation. Maximum crystallinity is observed for 0% and 100% 

deacetylated forms and minimum values are obtained in the intermediate range of 

deacetylation degrees (Yuan, 2011). Crystallinity of the polymer affects its degradation 

rate inversely whereby enhancing the polymer stiffness and stability.  

The charge density of chitosan molecules depend on the degree of acetylation (DA) and 

the pH of the solution. Due to the inter- and intra-molecular hydrogen bonds between 

the OH and NH2 groups, chitosan possesses a crystalline structure. Although the main 

molecular chain is hydrophilic, chitosan also shows a slight degree of hydrophobic 

behavior due to the presence of N-acetyl groups. As a result of the combined effects of 

hydrogen bonds and hydrophobic interaction, chitosan tends to form aggregates and is 

difficult to dissolve in the neutral media. However, chitosan can easily dissolve in 

dilute acid solution because of the ionization of amino groups. Generally, the molecular 

weight and degree of deacetylation (DD) are key factors influencing the charge density, 

hydrophobicity and solubility of chitosan (Luo et. al., 2014). 
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Chitosan gains its high potential as a biomaterial most essentially from its cationic 

nature and high charge density. Owing embodying amino groups with pKa around 6.5, 

chitosan is soluble under mild acidic conditions. At low pH, amino groups become 

protonated and positively charged resulting in a cationic polyelectrolyte nature. These 

properties enable chitosan to electrostaticaly interact with anionic species such as 

proteoglycans and glycosamineglycans that modulate cytokine and growth factor 

activities (Costa-Pinto et. al., 2011). As a result, chitosan becomes a good substrate for 

cell propagation in addition of being a good vehicle for anionic drug or bioactive agent 

delivery. Polyelectrolyte complex (PEC) formation between chitosan and negatively 

charged polyions of either natural or synthetic origin has also been used in biological 

applications. Among PECs of chitosan, the ones prepared by alginate are specifically 

employed in controlled drug delivery systems (Wang et al., 2013). Controlled delivery 

of vascular endothelial growth factor (VEGF) and human mesenchymal stem cells 

(hMSCs) from chitosan-alginate PEC scaffolds were reported (De La Riva et. al., 2009; 

Madhumathi et. al., 2009; Wu et. al., 2012; Venkatesan et. al, 2015). 

Due to proven to be biodegradable, biocompatible, non-antigenic, non-toxic, 

antibacterial and biofunctional, chitosan has gain interest as a useful material in the 

field of tissue engineering. Additionally, chitosan has been shown to promote mineral 

rich matrix deposition by osteoblast cells and enhance bone formation; therefore, it is 

accepted as an excellent material for bone tissue engineering applications (Mathews et. 

al., 2011; Zhong and Chu, 2012; Fernandez-Yague, 2014). 

In order to improve its biocompatibilty in the field of bone tissue engineering, chitosan 

is also used as composites with natural polymers, synthetic polymers and ceramics 

(Sajesh et. al., 2013). Collagen, silk, gelatin and alginate are some of the mostly used 

polymers for that purpose together with hydroxyapatite as the most frequently used 

bioceramic (Florczyk et. al., 2013). 
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1.5.1.4.2. Alginate 

Alginate is a linear polysaccharide copolymer, derived from brown sea algae and 

composed of 1-4 linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues. 

Repeating units of alginate, differing only in orientation, can either be sequenced in a 

repeating or alternating manner. Composition and sequential structure are highly 

effective on the properties and functionality of this natural polymer mainly through G 

units as the binding sites. Chemical structure of alginate is shown in Figure 1.6. 

 

 

Figure 1.6. Chemical structure of alginate composed of G and M units (Tokarev et. al., 

2012) 

 

Alginate can form gels by electrostatically interacting with the positively charged 

molecules such as divalent cations such as Ca
2+

, Sr
2+

, Zn
2+ 

, Ba
2+

 and Ca
2+

. This is 

mainly due to the presence of the carboxylic acid groups on alginate backbone, 

providing alginate a polyanionic behavior. The interactions with multivalent cations 

cause gelation due to dimeric association of G–G blocks. Although the gelation of 

alginate occurs with divalent cations, monovalent ones and Mg
2+

 ions do not cause any 

crosslinking (Luo et. al., 2014). Sodium salt of alginate is soluble in water but when 

ionically crosslinked, alginate can stay stable in distilled water even at moderately high 

temperatures. 
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Ionic crosslinking of alginate is achieved through cooperative binding of functional 

negatively charged carboxyl groups of G units to divalent cations. Among many 

candidates, calcium ion (Ca
2+

) is the most frequently used cation for alginate 

crosslinking since it is also a natural component of our biological system and 

considered biocompatible. However, ionic crosslink of alginate tends to break down 

easily when subjected to solutions containing salt ions like phosphate buffer saline 

(PBS) or simulated body fluid (SBF) due to cation exchange. Covalent crosslinking can 

be used to enhance the stability of alginate however the methods and chemicals 

required often shows toxicity towards cells. Covalent crosslinking of alginate by 

photopolymerization is a commonly used method where photoinitiators that are 

incorporated in the structure starts radical polymerization upon exposure to UV light. 

However, the photoinitiators used and formation of free radicals during polymerization 

lead to cell toxicity (Hall et. al., 2011). Carbodiimide chemistry is an alternative for 

covalent crosslinking of alginate. Adipic hydrazide and polyethylene glycol (PEG) are 

often employed in crosslinking of alginate resulting in increased stability and enhanced 

mechanical properties (Eiselt et. al., 1999; Lee et. al., 2000; Augst et. al., 2006). 

Being nontoxic, biodegradable and biocompatible makes alginate a useful biomaterial 

in tissue engineering and drug delivery applications (Dong et al., 2006; Wang et al., 

2007a, 2010b). Especially, chitosan–alginate nanocomplexes have been extensively 

used in drug delivery (Wang et al., 2013). However, depending on the conditions of 

use, mechanical weakness, poor stability and lack of cellular interactions resulting from 

the hydrophilic nature of alginate may need to be handled through modifications. 

Hydrogel form of alginate has been widely studied as scaffolds and vehicles for 

biologically active molecules or cells for carti-lage and bone regeneration applications 

(Lee et. al., 2012). Chang et al. prepared the composite containing alginate-collagen-

BMP-2-MSC for bone tissue regeneration and biochemical results revealed new bone 

formation with the strength very close to the normal cranial bone (Chang et. al., 2010). 

Alginate-HAp composite material produced by Suarez-Gonzalez et al. was proposed to 

be used in bone tissue engineering as ascaffold material to deliver cells, and also 
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biologically active molecules (BMP-2 and RGD peptide) (Suarez-Gonzalez et. al., 

2010). Due to being a polyanion, alginate can form polyelectrolyte complex (PEC) with 

cationic polymers such as chitosan. Blending alginate with chitosan results in 

mechanically improved structures (Tai et. al., 2010; Florczyk et. al., 2011).  

Alginate has been employed in bone tissue engineering applications as solid scaffolds, 

hydrogels or injectable forms. Another important application of alginate is using it as a 

polyanion for the preparation of polyelectrolyte multilayers and to control the release of 

bioactive agents and prevent burst release to some extent (Lee et. al., 2012; Erol et. al., 

2012; Ramasamy et. al., 2012). In one study, polycaprolactone-BMP-2-alginate 

(PCL/BMP-2/alginate) or bone forming peptide (BFP-1)-alginate (PCL/BFP-

1/alginate) scaffolds were prepared for bone tissue regeneration. Effects of the released 

proteins on bone formation were examined. BFP-1 was found to have significantly 

higher ALP activity and calcium deposition than the ones having BMP-2 (Kim et. al., 

2008). Alginates with RGD or PHSRN (proline-histidine-serine-arginine-asparagine) 

were prepared to construct the artificial extracellular matrices for bone tissue 

engineering purposes. Normal osteoblasts were cultured on the gels and the cellular 

behavior, especially cell differentiation was checked. Osteoblasts cultured in gels 

containing both RGD- and PHSRN-alginates also demonstrated a similar enhancement 

tendency of mineralization (Nakaoka et. al., 2013). 

 

1.5.1.4.3. Gelatin 

Gelatin is a translucent, colorless and brittle powder that is nearly tasteless. It has been 

used as a gelling agent in the food, pharmaceutical and cosmetic industries due to its 

ease of use and availability. The major source of gelatin is animal skin and bones and 

fish scales. It is prepared by the thermal degeneration of collagen present in these 

sources (Young et. al., 2005). In general, gelatin is extracted from type I collagen (with 

a triple helix structure), which contains α1 and α2 chains. Each of the α-strands has a 

molecular weight of ~95 kDa and is present in the gelatin along with several 
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polypeptides (Ikada et. al., 2006). Gelatin is composed of mainly three amino acids, 

namely glycine, proline, and 4-hydroxyproline. Gelatin having higher levels of 

pyrrolidines forms stronger gels due to lower water absorption. This is usually related 

to the presence of higher triple helix content (Ikada et. al., 2006). The gels formed by 

gelatin are thermo-reversible in nature. Its gel-to-sol transition takes place at about 

~35
0
C, i.e., gelatin forms a gel at temperatures below 35

o
C and has a sol-like 

consistency at temperatures above 35
o
C (Bohidar et. al., 1993). Its’ gelling properties 

can be altered with chemical crosslinks, an approach that has been used by various 

researchers for the development of controlled-release drug delivery systems (Hayashi 

et. al., 2007; Sutter et. al., 2007). A typical structural unit of gelatin is given in Figure 

1.7. 

 

 

Figure 1.7. Structural unit of gelatin (Alegrado, 2014) 

 

In a study conducted by Hayashi et. al., the diffusion-controlled release of proteins 

(e.g., lysozyme and trypsin inhibitor) embedded in recombinant gelatin (e.g., HU4 

gelatin), which had been primarily modified with acrylates before drug embedding, was 

studied. They found that the protein release from the gel matrices was in a diffusion-

controlled manner, with the complete release of the loaded active agents being over 120 

h of time. Addititonally, the biodegradibility of the matrices was tested under in vivo 

conditions in the presence of metalloproteinase (Hayashi et. al., 2007).  



 25   

 

Rajan and Raj achieved the production of a novel drug vehicle for the controlled 

release of an antitubercluosis drug, rifampicin (RIF), by employing chitosan (CS)–

polylacticacid (PLA)–polyethylene glycol (PEG)–gelatin (G) nanoparticles which were 

prepared by emulsion solvent evaporation method. They also studied the chemical and 

biochemical activities of the prepared constructs (Rajan and Raj, 2013). In another 

study, Rajan et. al. investigated the potential of novel hyaluronidase enzyme core-5-

fluorouracil-loaded chitosan-polyethylene glycol-gelatin polymer nanocomposites, 

constructed by ionic gelation technique, for controlled and targeted drug delivery 

applications (Rajan et. al., 2013). Li et. al. studied the usage of novel construct 

amphiphilic gelatin/camptothecin @calcium phosphate–doxorubicin (AG/CPT@CaP–

DOX) nanoparticles for the co-delivery of a hydrophobic drug (camptothecin, CPT) 

and a hydrophilic drug (doxorubicin, DOX) with the aim of replacing double emulsions 

while conserving the advantages of inorganic materials (Li et. al., 2015). In further 

study conducted by Sagiri et. al., synthesis and physicochemical, thermal and 

mechanical characteristics of novel stearate organogel-gelatin hydrogel based bigels 

were achieved. They found that the produced bigels has enhanced mucoadhesion 

properties and has good potential to be used for the sustained release of bioactive 

agents (Sagiri et. al., 2015). Another study of Vijayakumar and Subramanian concerned 

the production of diisocyanate mediated polyether modified gelatin and studied the 

controlled drug release kinetic of produced structures by various techniques 

(Vijayakumar and Subramanian, 2014). Solvent casting method was used by Pica and 

coworkers to achieve the production of Ca
2+ 

crosslinked alginate-gelatin films. To 

determine the effect of pH and ionic strength on drug release kinetic, they used 

ciprofloxacin hydrochloride as a model drug and conducted a series of experiments in 

either pH 7.4 or pH 3.6 mediums having different ionic strengths. They found an 

increase in rate of ciprofloxacin hydrochloride release in pH 7.4 medium which was 

enhanced by using higher ionic strength media. Additionally, they found the 

importance of component ratio of alginate and gelatin, the amount of ciprofloxacin 

hydrochloride loaded in the gel films, the thickness of the drug-loaded films and the 

cross-linking time with Ca
2+

 on release rate (Pica et. al., 2006).  
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1.5.1.5. Incorporation of Inorganic Particles into LbL Systems 

1.5.1.5.1. Calcium Phosphates 

Due to having chemically similar structures with the mineral component of bone, 

calcium phosphate derivatives can support bone mineralization by their ready 

integration to the bone tissue. As proven by many studies, polysaccharides in the bone 

structure (most likely glycosamine glycans, GAGs) carries the main responsibility for 

the interface interaction and stabilization between mineral phase and the organic matrix 

(Wise et. al., 2007; Zhong and Chu, 2012). With their resemblance in structure of the 

main backbone, chitosan and alginate can both trigger the bone mineralization process 

(Ucar, 2012).   

Calcium phosphate derivatives can be classified by their atomic Ca:P ratios and crystal 

structures. Bone mineral, by having Ca:P ratio varies between 1.67-1.50, is nothing but 

a carbonated analogue of hydroxyapatite. Stoichiometric hydroxyapatite has the 

formula of Ca10(PO4)6(OH)2 where the atomic ratio of Ca:P is 1.67 (Yubao et. al., 

1994). As precursors taking part during the crystallization process of bone-like apatite, 

tricalcium phosphate, Ca3(PO4)2; octacalcium phosphate, Ca8H2(PO4)6.5H2O; and 

dicalcium phosphate CaHPO4.2H2O can be numbered, which have Ca:P values of 1.50, 

1.33 and 1.00, respectively. It was also claimed that CaO would be occur in 

hydroxyapatite phase especially for the values above 1.67 (Hench, 1993). The 

intermediate Ca:P ratios in between these values can be ascribed to the mixture 

occurence of all these calcium phosphate derivatives. 

The formation of calcium phosphate minerals on chitosan scaffolds, which protect their 

bioactivity towards bone tissue integration and mineralization (Kong et. al., 2006; Xue 

et. al., 2009; Budiraharjo et. al., 2010; Ucar et. al., 2013) was already proved by many 

researchs. However, there is still no reasonable research concerning the growth of 

calcium phosphate derivatives in between two polyelectrolyte layers, namely chitosan 

and alginate. This work aims to incorporate and grow calcium phosphates in between 
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the layers with and hope to use this calcium phosphate incorporate films for bone tissue 

engineering purposes. 

 

1.5.1.6. Polymer Blending 

Polymeric materials are widely applied in biomedical field. Although it is much easier 

to use synthetic polymers in the biomedical field, natural polymers are preferable due 

to their biocompatibility and biodegradability. Another method of preparation of 

polymeric materials for biomedical applications is to blend synthetic polymers with 

natural ones. For the last three decades, there was an increasing interest in producing 

new materials for biomedical applications. Blending of synthetic and natural polymers 

can be an immediate cure for the desire for new materials. In particular, they referred to 

as bioartificial or biosynthetic polymeric materials, with their enhanced mechanical 

properties and biocompatibility compared with those of single components. Chitosan 

has been widely studied as a potential biomedical material, and has blends with 

synthetic and/or other natural polymers. In both the scientific base and biomedical 

field, synthetic polymer blend applications has already achieved many important 

advances in size and sophistication over the past three decades (Wang et. al., 2011; Ye 

et. al., 2007; Ma et. al., 2015). A review of biopolymeric blends, their composites and 

their applications in various industries is also written by Rogovina et. al. (Rogovina et. 

al., 2006). 

Several papers have been published regarding the interactions for both 

chitosan/collagen and chitosan/gelatin blends (Sionkowska et. al., 2004; Sionkowska 

et. al., 2004). Chitosan has been blended with several other polysaccharides derived 

from plants such as cellulose, alginates, pullulan, dextran, and phosphatidylcholine (Xu 

et. al., 2007). Also the blending of chitosan with several other synthetic polymers was 

successfully achieved. As far as mechanical properties are concerned, blending and 

chemical modifications of chitosan have proven efficiency. To improve the films 

ductility, chitosan can be blended (or copolymerized) with poly(ethylene glycol) (PEG) 
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(Kolhe et. al., 2003). Chitosan/polyethylene glycol diacrylate (PEGDA) blended films 

were developed via Michael addition reaction, showing enhanced swelling (the 

maximum swelling was observed at a ratio of CS/PEGDA equal to 40/60) and good 

mechanical properties (the maximum values of tensile strength and modulus were 

obtained at a ratio of CS/PEGDA equal to 70/30) (Zhang et. al., 2014). 

 

1.5.1.7. Controlled Release Systems 

 

Controlled release subject came into the screen as an important branch especially for 

chemoteraphy in order to deliver the necessary amount of cancer drugs to the required 

tumor area. With the developments of new materials and techniques, novel drug 

carriers are produced and the subject became very important in therapy of difficult 

diseases. Micro and  nano materials made of metals (silver or gold), ceramics (alumina, 

hydroxyapatite), polymers (polyesters, polyaldehydes) and composites (polymer-

ceramic, polymer-metal) can be used in various shapes such as micro or nano particles, 

tubes, films, or as implantable chips. Lipids and protein/peptide structures are also 

occupy important classes of drug delivery systems (Pathak and Thassu, 2009). 

Polymeric systems are probably the most popularly used of all systems. As an example, 

the study concerning the delivery of poorly water-soluble quercetin from a polymeric 

microparticulate drug delivery system of employing two cost effective polymers 

sodium alginate and chitosan for the embedding of model drug quercetin. The 

embedding was done by ionic crosslinking method. To investigate the pharmaceutical 

potential of the system, drug release study was done at pH of 1.2, 6.8 and 7.4 (Hazra et. 

al., 2015). 

Lipid systems can also be used for drug delivery. In a recent work, Zhai was studied the 

fundamental mechanisms of different action pathways of lipid-based colloid systems by 

regarding the mechanism behind in a comprehensed point of view (Zhai, 2014).  
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The other popular method was the use of protein/peptide nanotubes for controlled 

delivery. Peptide nanotubes are expected to be a widespreadly used drug delivery 

system in the future, mostly because of their internal cavities and hollow cores 

embedded in the structure. Okamoto and Takeda achieved the molecular synthesis and 

studied the surface morphology and electronic structures of the resulted protein/peptide 

nanotubes (Okamoto and Takeda, 2005).   

Metal nanostructures can also be employed for controlled delivery applications. In a 

recent study, Chen et. al. achieved the fabrication of gold nanostructures and nano-

complexes. They found that, by using gold’s catalytic activity, biocompatibility and 

optical characteristics, both the treatment of targeted disease cells/tissues and the 

biomolecular imaging of the detected site was possible. They also claimed the gold 

nanostructures had an excellent property of reducing the toxicity and side effects of the 

agents of relevancy (Chen et. al., 2014). 

 

1.5.1.7.1. Sequential release methods 

Several devices can be found which can deliver multiple drugs in a sequential manner. 

Being pioneered by the Langer group, the most notable example is the microchip 

delivery device (Grayson, et. al., 2004). They developed microchips and examined the 

degradation rates of homo and co-polymers of poly(lactic acid) and poly(glycolic acid) 

having different rates and leading to sequential drug-delivery. Another study carried 

out by Nikcevic et. al. showed that polymethylmetacylate microchips coated with 

polyethylene demonstrated continious release of sodium fluorescein upto 35 days 

(Nikcevic et. al., 2008). Additionally, Anchan et. al. studied the maintenance of 

functional cell-like structures incorporated in microfluidic chips (Anchan et. al., 2014). 

To produce bioresorbable microchips made from poly(lactic acid) (PLA) with 

poly(lactic-co-glycolic acid) (PLGA) membranes that can passively dissolve many 

attempts has been made since this system abolishes the curiosity for external interfaces 

and surgeries to get rid of the device (Richards-Grayson, et. al., 2003). In a recent 
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study, the effect of bioresorbable stent forming conditions on drug antirestenotic 

efficacy was conducted and factors effecting interdependency between these 

phenomena were effectively gathered (Rossi et. al., 2012). 

Despite of releasing multiple agents in a sequential, controlled manner these 

microchips cannot be coated onto implants, stents, or sutures. Consequently, their 

implementation involves the insertion of an extra foreign object into the patient. 

Additionally, due to the microchips’ cannot achieve sustained a sustained release over a 

large or extended surface area, it would be difficult to use them in oral or intravenous 

dosage forms. Lastly but not leastly, these microchips need clean-room fabrication 

which is laborious and expensive. 

For constituting a dual-encapsulation polymeric matrix and double layered gelatin 

coatings, other biodegradable, multi-agent, and sequential delivery systems have been 

studied by Breeke et. al. and Raiche and Puleo. It is shown that, due to these systems’ 

having not enough conformality and the desire of heavy fabrication procedures for their 

production, although both were introduced to release two agents in a controlled, 

sequential fashion, none of them is capable of delivering more than two agents. 

Moreover, there are less degrees of control for the release profiles (Brekke et. al., 2004; 

Raiche and Puleo, 2004). Opposely, according to a recent study, tailored release of an 

antitubercluosis drug rifampicin (RIF) from chitosan (CS)–polylacticacid (PLA)–

polyethylene glycol (PEG)–gelatin (G) nanoparticles, a novel drug vehicle for was 

successfully developed (Rajan et. al., 2013). 

 

1.5.1.7.2. Applications to Drug Delivery 

LbL films, being conformal, can be formed onto any surface geometry. Application 

areas can be from coated small particulates for oral or intravenous administrations to 

coated implants, stents, and sutures for localized delivery.  

 



 31   

 

1.5.1.7.3. Oral Applications 

Being different from large-area coatings on implants or patches and permitting the LbL 

technology to be used for drugs that need to be systemically, not locally administered, 

LbL films can also be deposited onto pills or nanospheres for oral and intravenous 

administrations.  

To illustrate, recently, Huang et. al. studied the drug release kinetics of a novel drug 

delivery system constituting from layer-by-layer (LBL) milk protein casein (CN) 

coated iron oxide nanoparticles. In the production of the films, inner polymeric layers 

were loaded with doxorubicin (DOX) and indocyanine green (ICG), which were 

employed as model drug molecules and coating of the films were achieved readily with 

casein. Owing to the presence of gastric protease in the acidic stomach environment, 

the resulting casein coated iron oxide nanoparticles (CN-DOX/ICG-IO) were stabilized 

in these acidic conditions. Opposely, in a simulated intestine environment, the slow 

degradation of the loaded drugs were observed when the casein outer layer was 

sequentally degraded by an enzyme callde as intestinal protease. Durability and 

bioactivity of the drugs and therefore increase the efficiency of drug delivery (Huang 

et. al., 2015). This illustration also implies the potential influence that LbL films can 

make by releasing a single agent with a complex, controlled profile, being apart from 

illustrating flexibility in the route of delivery; the easiness and productivity of LbL 

systems are not restricted to the delivery of multiple agents. These complex profiles 

may include combinations of distinct profiles, such as constant, pulsative, and periodic, 

all potentially achievable by an LbL device through the proper layerings of appropriate 

PELs. Many studies conducted being interested in the drug delivery from films 

prepared from polyelectrolytes (Du et. al., 2014; Luo et. al, 2014; Bhalareo et. al; 2015; 

Bucatariu et. al; 2015; Yu et. al., 2014; Yang et. al, 2014; Stroescu et. al., 2013; Jipa 

et. al., 2012).   
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1.5.1.7.4. Degradable LbL Films for Other Applications 

Fields other than biomedicine can benefit from the production of degradable LbL 

multilayers. For example, agriculture, which can use controlled release of pesticides, 

nutrients, and growth promoters into soils, can employ degradable LbL films in many 

applications. LbL-coated particles releasing a complex schedule of chemicals 

appropriate for a given crop can be made easily (Levy et. al., 1993, Quinones et. al., 

2010).  

Controlled delivery was also used in various areas such as food industry (Zhang et. al., 

2015) and cosmetic industry (Martins et. al., 2014).  

Stroescu et. al. prepared an antimicrobial food packaging material from  polyvinyl 

alcohol (PVA) and bacterial cellulose (BC).  They developed mono and multilayer 

system to achieve the controlled release of vanillin from these films. The results 

showed controllable release. The developed system showed pseudo-first order kinetics, 

meaning that the vanillin delivery rate can be changed with the polymer composition 

within the film (Stroescu et. al., 2013).  

 

1.6. Aim, Approach and Novelty of the Thesis 

Layer-by-layer deposition method is a relatively new and conventional technique that 

increasing its popularity since the time it was founded by Iler (Iler, 1966). Many 

researchers in various fields tried to incorporate LbL technique in their studies. As a 

result, LbL technique has become a hot topic in different multidisciplinary fields. LbL 

technique have begun to be used in many different research areas including controlled 

drug release, drug delivery, DNA delivery, electronic & optical devices, biosensors and 

biomedical coatings. Multilayer LbL films are constructed using a variety of 

polycations and polyanions; yet, especially polyamino acids, biopolymers, natural 

polyelectrolytes, are of particular interest in tissue engineering since micron scale 

stratified structures can be obtained in order to reconstitute architectures and 

chemistries mimicking that of extracellular matrix (ECM). Recently increased use of 
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biocompatible and natural polyelectrolytes expanded the field more in biomedical 

applications. Although there were various studies conducted for biomedical purposes, 

using chitosan and alginate as polyelectrolytes, still there is no detailed research 

presenting chitosan and alginate LbL films for possible biomedical applications. There 

is still no research conducted regarding the effect of some parameters for optimal film 

formation for chitosan and alginate architectures and no research was conducted aiming 

to incorporate calcium phosphates (mimicking inorganic phase of bone).  

In this study, it was firstly aimed to form a layer-by-layer film architecture that could 

be incorporated with calcium phosphate niches in between the layers of 

polyelectrolytes produced by one polycationic and polyanionic substances. For that 

purpose, natural polymers chitosan and alginate were chosen as polyelectrolytes 

possessing the advantages of biocompatibility and osteoconductivity. Film formation 

behavior of chitosan and alginate was studied by using the parameters polymer solution 

pH, salt medium and concentration, the beginning and the last layer of the films. The 

optimum film formation environment was chosen regarding the results of ellipsometer 

thickness measurements. The surface characterization of the prepared films was 

conducted by using SEM and TOF-SIMS analysis techniques. The Saos-2 cell 

proliferation behavior on different type of CHI and ALG films was also conducted. 

The second aim of the study is to produce micron size layer-by-layer films of CHI and 

ALG either CHI itself as the first and last layer of the 3-layered films or by blending 

CHI layer with GEL to see the effect of GEL upon antibiotic release and mechanical 

properties of the films. Incorporation of antibiotic, ceftriaxone sodium (CS), in the 

middle ALG layer of this 3-layered system, and the controlled CS release kinetics from 

the films were also conducted. Lastly the mechanical analysis and the antimicrobial test 

of the films by using E. coli were studied. 

As a result, it was concluded that the initial prepared films possess a fundamental 

approach for the incorporation of calcium phosphates mimicking the mineral 

constituents of human bone. This research can open a new window for further studies 
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concerning bone repair and regeneration purposes. The films produced in second part 

of the thesis proved to show good mechanical properties and antimicrobial activity. 

Additionally, they can be used for local delivery and controlled release of antibiotics in 

accordance with the needs of treatment procedure.   

As a result, this study can be divided into two parts: LbL films with nano-thickness or 

micro-thickness were prepared by alternate dipping or by casting method, respectively. 

Nano and micro films to be used in bone tissue engineering were prepared and 

characterized. Also, the mechanical properties and the antibiotic release kinetics of the 

films were conducted. 
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CHAPTER 2 

2. MATERIALS AND METHODS 

 

2.1. Materials  

Chitosan (low viscous, 75-85% deacetylated) was obtained from Fluka (Osaka, Japan), 

Gelatine powder and sulphuric acid was obtained from Scharlau (Barcelona, Spain), 

alginic acid (sodium salt from brown algae), ethanol (pure, free from acetone,) glacial 

acetic acid and glutaraldehyde (25%) were obtained from Sigma-Aldrich (St. Louis, 

USA). Sodium phosphate (anhydrous, extra pure), calcium nitrate (tetrahydrate, high 

purity), calcium phosphate (anhydrous, extra pure), sodium sulphate (anhydrous, extra 

pure), sodium hydrogen carbonate (extra pure, food grade), potassium hydrogen 

phosphate (anhydrous, extra pure) and sodium chloride (extra pure) were purchased 

from Merck (Darmstadt, Germany). Hydrochloric acid (≥99% purity), potassium 

chloride (≥99% purity) sodium hydroxide (≥98% purity) were obtained from J. T. 

Baker (Deventer, Holland). Ceftrioxane sodium was obtained from Nobel Kimya 

(Istanbul, Turkey). Dulbecco’s Modified Eagle Medium (DMEM, colorless) and fetal 

bovine serum (FBS) were obtained from Hyclone (USA). RPMI-1640 and 

Penicillin/Streptomycin (Pen/Strep) solution were products of HyClone (South Logan, 

Utah, USA). Trypsin-EDTA (0.25%), glutaraldehyde and cacodylic acid (sodium salt) 

were obtained from Sigma (St. Louis, USA). Nucleocounter reagents were supplied by 

Chemometec (Denmark) and Alamar Blue cell proliferation assay was from Biosource 

(Muskego, USA). Deionized water (DI water) was prepared in a deionizer water 

instrument of TKA-Pacific (Niederelbert, Germany). 
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2.2. Methods  

2.2.1. Preparation of Layer-by-Layer Polyelectrolyte Multilayer (PEM) Films 

Four different groups of polymeric multilayer films were prepared as shown in Table 

2.1. In the first two groups, either chitosan prepared in acidic aqueous medium (pH 3.0, 

and 5.5) were used as the first layer or alginate prepared in acidic aqueous medium (pH 

3.5, 4.5, 5.5 and 6.0) were used as the first layer. Acidic aqueous media were prepared 

by adjusting the pH of deionized water by addition of hydrochloric acid. 

For other two groups, some salts are added into the acidic solutions of chitosan which 

was used as the first layer (pH 3.0, and 5.5), or into the acidic solutions of alginate 

which was used as the first layer (pH 3.5, 4.5 and 5.5). Three types of salt containing 

media were used in the coating experiments. Firstly, sodium chloride was used and 

added into both, chitosan or alginate solutions. Secondly, calcium phosphate and 

calcium nitrate were used as salts and added into the solutions of chitosan. Lastly, 

sodium phosphate was used and added into the solutions of alginate. Table 2.1. 

summarizes the conditions applied in the preparation of the films. The effects of these 

parameters on the deposition of each component as thickness and layer number were 

investigated for the prepared polyelectrolyte multilayer films.  

 

Table 2.1. Paramaters of the prepared films 

TYPE OF 

POLYELECTROLYTE 

pH 
MEDIUM 

ACIDIC WATER SALT 

CHI 3.0  

5.5 

pH adjusted DI water NaCl  

Ca2(PO4)3  

Ca(NO3)2 

ALG 3.5  

4.5  

5.5  

6.0 

pH adjusted DI water NaCl  

Na3(PO4) 
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2.2.1.1. Silicon Wafer Surface Cleaning and Activation  

Multilayer coatings were deposited on silicon wafers. For this purpose, first waters 

were cut with diamond blade into 1cm/1cm dimensions, then were placed into 

commercial grade sulphuric acid (H2SO4) solution for about 100 min, rinsed thoroughly 

with distilled water and then with deionized water and finally dried with nitrogen gas. 

Then, wafers were placed into 0.25 M sodium hydroxide (NaOH) solution for 15 min 

to neutralize the acid, rinsed thoroughly with distilled water, then with deionized water 

and lastly dried with nitrogen gas.  

2.2.1.2. Chitosan/Alginate and Alginate/Chitosan Films Prepared in Acidic Water 

Chitosan and alginate solutions were prepared separately in acidic deionized water 

(0.01%, 0.1 mg in 1.0 mL water). The pH value of chitosan solution was adjusted to 3.0 

and the pH of alginate solution was adjusted to 3.5, 4.5 or 5.5 by using HCI and NaOH 

solutions of different concentrations. The coating and layer formation experiments 

were carried out at different pH values as trial and error experiments in order to get the 

optimal conditions for film growth. The prepared solutions were transferred into plastic 

bottles and were sealed to avoid light and atmospheric exposure. The pre-cleaned 

silicon wafers were dipped into 10 mL of polycation, chitosan solution. After 15 min of 

immersion, they were taken out, rinsed for 2 min in acidic deionized water (pH 3.0) 

twice and dipped into polyanion, alginate solution. After 15 min of immersion, waters 

were taken out, rinsed twice by immersing in acidic deionized water (pH 3.5, 4.5 or 

5.5) for 2 min. These steps were repeated until 12 or 15 layers of films were obtained.  

In the second grıoup, a reverse order was followed and experiments were conducted by 

dipping silicon wafers firstly into polyanion, alginate solution. After 15 min. of 

immersion, waters were taken out, rinsed twice by immersing in acidic deionized water 

(pH 3.5, 4.5 or 5.5) for 2 min. Then, the waters were dipped into the polycation, 

chitosan solution for 15 min. After getting them out, wafers rinsed twice by immersing 

in acidic deionized water (pH 3.0) for 2 min. Similar steps were repeated many times 

and about 12 or 15 layers of films were obtained. The experimental set-up is shown in 

Figure 2.1. 
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The multi layer films on wafers were dried under nitrogen atmosphere after each 

bilayer deposition. The resulted films were put in a petri plate and sealed after 

preparation. The thicknesses of the produced films were recorded by ellipsometer.  

 

 

Figure 2.1. Schematics on the film deposition process by the dip-assisted LbL 

deposition (Choi et. al., 2013) 

 

 

2.2.1.3. Chitosan/Alginate and Alginate/Chitosan Films Prepared in Salt Solutions 

Chitosan and alginate solutions were separately prepared in salt containing acidic 

solutions. The salt solutions used were; NaCl solution of 0.25 M, 0.5 M and 1.0 M for 

both polymers, 0.05 M Ca3(PO4)2 solution for both polymers, or 0.05 M, 0.1 M and 0.5 

M Ca(NO3)2  solution for chitosan, 0.05 M, 0.1 M, and 0.5 M Na3PO4 solution for 

alginate. Each concentration of salt solutions was used for producing one type of film. 

The pH of chitosan solutions were adjusted to 3.0 or 5.5 and the pH of alginate 

solutions were adjusted to 3.5 or 5.5 by using HCI and NaOH solutions of different 

concentrations. The salt containing solutions were transferred into plastic bottles and 

were sealed to avoid light and atmospheric exposure.  

In the first experiments, CHI starting films were prepared. For this purpose, pre-

cleaned wafers were dipped for 15 min into salt containing chitosan solution. Wafers 
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were taken out, rinsed for 2 min in deionized water (pH 3.0) twice and dipped into salt 

containing alginate solution. Similarly, after 15 min wafers were taken out, rinsed for 

twice by immersing in deionized water (pH 3.5) for 2 min. These steps were repeated 

until 12 or 15 layers of films were obtained. Table 2.2 summarizes the parameters of 

films prepared in salt solutions. 

 

Table 2.2. Parameters of films prepared in salt solutions 

SAMPLE 
COMPONENTS AND pH 

CHI + ALG CHI + ALG CHI ALG 

NaCl pH Ca3(PO4)2 pH Ca(NO3)2 pH Na3PO4 pH 

CHI-ALG 

(first layer: 

CHI, last 

layer: ALG)  

 

(first layer: 

CHI, last 

layer: CHI) 

0.25M 

0.5M 

1M 

5.5 for 

both 

CHI 

and 

ALG 

0.05M 3.0 

for 

CHI 

3.5 

for 

ALG 

0.05M 

0.1M  

0.5M 

3.0  0.05M 

0.1M 

0.5M 

3.5 

ALG-CHI 

(first 

layer:ALG,  

last 

layer:ALG) 

- - - - 0.1M  3.0 0.1M 3.5 

 

 

In the second group, multilayers having ALG as the first layer were prepared. For this 

purpose, pre-cleaned and activated silicon wafers were dipped into polyanion, alginate 

solution for 15 min, rinsed for twice by immersing in pH 3.5 deionized water for 2 

min., then again were dipped into the polycation, chitosan solution for 15 min., rinsed 
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for 2 min in deionized water twice (pH 3.0). This process repeated many times till 12 or 

15 layers of films were obtained. The films were dried under nitrogen atmosphere after 

each bilayer deposition. The resulted films were put in a petri plate and sealed after 

preparation. The thicknesses of the produced films were recorded by ellipsometer. 

2.2.2. Behavior of the Films in Cell Medium  

Two types of control experiments were conducted to see durability of the films upon 

physiological conditions. In the first control experiments, one type of chosen wafer 

having multilayer film coating prepared as CHI-ALG order and having 15 layers was 

immersed in deionized water having pH 7.4 and kept for 1 day. Then, wafers were 

taken out, dried, the film thickness was measured and stability of the film on silicon 

wafer was examined. In the second control experiments, the same type of chosen film 

was immersed in Saos-2 cell culture media for 1, 3 and 7 days and the thickness of the 

coated layers (which defines the stability of the layers) on the wafers were measured 

and examined.  

2.2.3. Drying Effect of Nitrogen Gas upon Film Thickness 

Control experiment was conducted concerning whether drying the wafer with nitrogen 

gas between each layer has an effect on film thickness or not. For this purpose one type 

of film preparation parameter was chosen and one set of deposition of this film was 

done by drying the silicon wafer upon each bilayer deposition and the other set of film 

deposition was conducted by drying the silicon wafer upon each three bilayer 

deposition. Then the thicknesses of the films were measured. 

2.2.4. Determination of Film Thickness 

The thicknesses of each layer of the prepared polymeric multilayer films were 

determined by using Spectroscopic Ellipsometer (Ellips, PhE-102, Angstrom Advanced 

Inc, Braintree, USA). The thickness of each layer was given in nanometer scale by the 

instrument. Spectroscopic Ellipsometer was used at an arm angle of 65
o 

with one 

reflection beam (for silicon wafer). The ellipsometer used in the thickness measurement 

experiments is shown in Figure 2.2. 
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Figure 2.2. The ellipsometer used for thickness measurements 

 

2.2.5. Characterization of the Films 

The topographical appearance of the multilayer films prepared under different 

conditions were examined by scanning electron microscopy, and the formation of 

calcium salts on the films were search by time of flight-secondary ion mass 

spectroscopy (TOF-SIMS).  

2.2.5.1. Scanning Electron Microscopy 

The prepared polymeric multilayer films in salt solutions were characterized by using 

Scanning Electron Microscope (SEM, FEI Quanta 400F, Holland). The wafer samples 

having multilayer coats were mounted on aluminum stubs, and sputter-coated with 

gold–palladium (AuPd) under argon atmosphere.  

Similarly, samples used in cell culture experiments were examined by SEM. For these 

samples, prior to SEM examination, cells on the membranes were fixed with 2.5 % 

glutaraldehyde in 0.14 M sodium cacodylate buffer solution (pH 7.4) for 1 h at room 

temperature, rinsed with cacodylate buffer and freeze dried.  
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2.2.5.2. TOF-SIMS analysis of the PEMs  

TOF-SIMS experiments were performed on a K-Alpha-monochromated, high-

performance TOF-SIMS spectrometer (Thermo Fischer Scientific, USA). Depth profile 

and elemental composition of 15 layer films were tried to be obtained using pass 

energy of 50 eV and 0.02
o
 steps. Scans were performed for each general survey. High 

resolution spectra of the C1s, O1s and P1s envelopes for each sample were acquired at 

pass energy of 50 eV, with 5 eV steps, and 10 scans were performed for each of the 

elements. Positive ion spectra corresponding to Si+, Ca+, C6H11O4N+ and C6H8O6+ 

peaks were obtained. All TOF-SIMS analyses were performed with an X-ray spot size 

of 400 µm and at a photoelectron takeoff angle of 45°. 

 

2.2.6. Determination of Bioactivity 

Polyelectrolyte multilayer films (PEM) deposited on silicon wafers were treated with 

Saos-2 (human osteoblast-like cell) to check their compatibility with bone type cells.  

2.2.6.1. Cell Seeding and Culturing on PEM Films 

For cell culture experiments Saos-2 (human osteoblast-like cell) cell line was used. 

PEM film coated silicon wafers (1cmx1cm) were placed in 24-well plates. The samples 

were sterilized under UV for 30 min for each surface. Confluent Saos-2 cells (passage 

15) were detached from the flask surface using 0.05% trypsin–EDTA, centrifuged at 

3000 rpm for 5 min, then the pellet was resuspended in complete medium and the cells 

were counted using a Nucleocounter (Chemometec, Denmark). Cell suspension (30 μL) 

containing 1x10
4
 Saos-2 cells were seeded on each sterile film and incubated for 2 h at 

37
o
C to allow cell attachment. Then 1 mL of RPMI-1640 medium supplemented with 

10% FCS, in the presence of 100 U/mL penicillin and 100 μg/mL streptomycin was 

added to each well. The cells on the films were then allowed to grow for up to a week 

at 37
o
C in a humidified atmosphere containing 5% of CO2 (CO2 incubator, Model 

MCO 175, SANYO, Japan) with changing the medium every other day. 
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2.2.6.2. Cell Proliferation 

Number of viable cells on the samples was analyzed with Alamar Blue assay (US 

Biological) at days 1, 3 and 7. Prior to the measurement, the culture medium in the 

wells was discarded and the wells were washed with sterile PBS to remove any 

remaining medium. Then Alamar Blue solution (10%, 1 mL) in colorless DMEM was 

added to the wells and incubated at 37°C and 5% CO2 for 1 h. After 1 h, 200 µL of the 

test solution was transferred to a 96 well plate and absorbance was determined at 570 

nm and 595 nm using the plate reader (Molecular Devices, V max Microplate Reader, 

USA). The test medium in the wells was then discarded, washed with sterile PBS, fresh 

medium was added to the wells and the incubation was continued. 

 

2.2.7. Mechanical Analysis of Films 

The mechanical properties of the films were studied by using Lloyd LRX 5K 

Mechanical Tester, controlled by a computer running program (WindapR). For tensile 

testing, the samples were cut from prepared films as sheets (thickness = 0.20 ± 0.07 

mm, width = 10.0 mm, length = 40.0 mm) and attached to the holders of the instrument 

with a Gauge length of 10 mm. A constant of 50 N force was applied to all samples. 

The load deformation curve was printed for each specimen. The ultimate tensile 

strengths (UTS) were obtained from equation ρ = F/A, where ρ is the ultimate tensile 

strength (MPa), F is the maximum load applied (N) before break, and A is the initial 

area (thickness x width) (m
2
) of the films. The load deformation curve was converted to 

stress–strain curve, where stress is the load applied per unit area (F/A) and strain is the 

deformation per unit length. Slope of straight line (elastic region of the stress-strain 

curve) is accepted as the Young’s modulus of the specimen. Strain (%) of the films was 

found by dividing the maximum film extension at break to Gauge length. Average of 

five experiment values was taken for each sample.  
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2.2.8. Controlled Antibiotic Release 

For controlled antibiotic release studies, ceftriaxone sodium (Nobel Kimya, Istanbul, 

Turkey) was used as a model antibiotic and two types of films were prepared by casting 

method and as of microlayer thickness by using chitosan, alginate and gelatin as 

polymers. Two types of films composed of three polymer layers, with middle layer was 

incorporated with CS (ceftriaxone sodium) were prepared. The first type of film 

contained gelatin and is denoted as CHI-GEL/ALG-CS/CHI-GEL and the second type 

of film was denoted as CHI/ALG-CS/CHI. 

 

2.2.8.1. Preparation of CHI-GEL/ALG-CS/ CHI-GEL Films 

Chitosan solution was dissolved in 1% acetic acid solution (1%, 500 mg in 50 mL 1% 

acetic acid). Gelatine solution was prepared in hot distilled water of temperature around 

50
o
C (1%, 500 mg in 50 mL distilled water). In very hot water, it gelatinizes. CHI and 

GEL solutions were mixed in hot water bath to avoid gelation. CHI-GEL solution (2% 

polymer solution in total) was sealed to avoid light exposure and was allowed to mix in 

hot water bath with constant stirring. After that, 5 g and 10 g of prepared CHI-GEL 

solutions were poured into different petri dishes as the first layer after putting solution 

into sonicator for 10 minutes. Then the prepared CHI-GEL layer was allowed to dry for 

2 days. Meanwhile, 1% alginate solution was prepared in distilled water (500 mg in 50 

mL) and to this solution, ceftriaxone sodium (145 mg powder) was added. The amount 

of ceftriaxone sodium was adjusted so that there would be 0.5 mg CS per cm
2
 of the 

films. Total polymer concentration in final solution was 1%. The ALG-CS solution was 

stirred continuously till to get complete dissolution. Then, the solution was put into 

sonicator for 10 minutes and 10 g of this solution was added as a second layer on to the 

dried CHI-GEL layer and allowed to dry. After that, 5 g and 10 g of the prepared CHI-

GEL solution (same preparation technique as before and after sonication for 10 min) 

were poured on to the prepared films in petri dishes, as the last layer. The prepared 

films were allowed to dry for 2 days. Some films were crosslinked under 25% GA 

vapor for 2 hours, 10 hours and 24 hours. The other films were remained 
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uncrosslinked. Lastly, controlled release of the crosslinked and uncrosslinked films 

were studied using PBS buffer solutions which have pH values of pH 5.5, pH 7.4 and 

pH 10.0. For controlled release studies, films were cut into 2cmx1cm rectangular shape 

and put into 5 mL PBS solution. Film thickness was about 73±0.5 µm. 

  

2.2.8.2. Preparation of CHI/ALG/CHI Blend Membrane 

Chitosan solution was dissolved in 1% acetic acid solution (2%, 1 g in 50 mL 1% 

acetic acid). The solution was sealed to avoid light exposure and was allowed to mix 

overnight with constant stirring. Then, 5 g and 10 g of the prepared CHI solution were 

poured into different petri dishes as the first layer after putting the solutions into 

sonicator for 10 minutes. Then the solution was allowed to dry for 2 days. 1% alginate 

solution was prepared in distilled water (500 mg in 50 mL). To ALG solution, 

ceftriaxone sodium (145 mg powder) was added slowly. The amount of ceftriaxone 

sodium is adjusted so that there would be 0.5 mg ceftriaxone sodium per cm
2 

of the 

films. Total polymer concentration in final solution was 1%. The solution was then 

stirred continuously for complete dissolution, put into sonicator for 10 minutes, then 10 

g of this solution was added as a second layer on to the dried CHI layer and allowed to 

dry. Then, 5 g and 10 g of the prepared CHI solutions were poured into different petri 

dishes as the last layer after putting solutions into sonicator for 10 minutes and allowed 

to dry for 2 days. Some of the films were crosslinked under 25% GA vapor for 24 

hours. The other films were remained uncrosslinked. Controlled antibiotic release from 

the prepared films was studied using PBS buffer solutions of pH 5.5, pH 7.4 and pH 

10.0. For controlled release studies, the dried films were cut into 2cmx1cm rectangular 

shape and put into 5 mL PBS solution. Film thickness was about 73±0.3 µm. 

2.2.8.3. Preparation of PBS Solution 

PBS solution was prepared by dissolving 8g of NaCl, 0.2g of KCl, 1.44g of Na2HPO4 

and 0.24g of KH2PO4 in 800 mL of distilled water. After complete dissolution, the 

acidity was adjusted to pH 5.5, pH 7.4 or pH 10.0 with use of HCl (1 M) and NaOH (1 



 46   

 

M) solutions. Then, the volume was completed to 1.0 L with distilled water. The 

prepared PBS solutions were sealed and stored at 4
o
C.  

 

2.2.9. Ceftriaxone sodium release studies from the films 

For controlled release studies, ceftriaxone sodium (CS) calibration curve was plotted by 

using the UV-visible absorbance values. Stock solution was prepared by dissolving 5 

mg in 100 mL water. From this solution by dilution solution having 1 µg, 5 µg, 10 µg, 

15 µg, 20 µg and 30 µg per 1 mL water were prepared and then absorbances at 300 nm 

were detected by using UV-visible spectrophotometer. The line equation of the 

calibration graph was used to find the amount of CS released from the prepared films 

(Appendix A). For all controlled release studies, prepared films were cut into 2cmx1cm 

rectangular shape and put into 5 mL of PBS solution. At certain time points, the 

solutions were removed and absorbances were obtained at 300 nm. Fresh PBS solutions 

were added on film samples. UV-visible absorbance values of the solutions were 

recorded at 1-10 h, 24-30 h, 48 h and 72 h. PBS solutions, used for CHI-GEL/ALG-

CS/CHI-GEL films that were crosslinked under 25% GA vapor for 2 h or 10 h, were 

taken and stored for further antibiogram analysis. 

 

2.2.10. Antimicrobial Test 

Antimicrobial activity of released CS from the films was examined by disk diffusion 

method. For this purpose, from bacterial suspensions, Escheria Coli (E.coli) was spread 

on agar plates with cotton swabs. CHI-GEL/ALG-CS/CHI-GEL films crosslinked 

under 25% GA vapor for 2 h or 10 h, were tested for antimicrobial activity. 100 µL of 

solutions taken from the collected released medium (~ 75 mL) of the samples were 

added into agar. CS solution (100 µL of solution having 3 mg in 10 mL dI water) was 

used as control. Plates were then incubated at 37°C for 24 h. The zones of inhibition 

indicating the absence of bacteria colonies demonstrated the maintenance of CS 

activity. 
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CHAPTER 3 

3.    RESULTS AND DISCUSSION 

 

3.1. Preparation of Polyelectrolyte Multilayer Films (PEMs) 

In this study, multi-layer films were prepared by using two different methods: layer-by-

layer (LbL) method and liquid casting method.  

 

Layer-by-layer method is a relatively new and promising way for biomedical 

applications especially for controlled delivery of biomolecules from surfaces of the 

system. The general principle behind the layer-by-layer technique is the alternate 

dipping of the substrate into dilute aqueous solutions of polyelectrolytes. After 

necessary washing and drying treatments, one can produce ultra-thin films (from a few 

Angstroms to a few micrometers). By using layer-by-layer method, different types of 

films were produced from chitosan and alginate as polyelectrolytes. Different 

parameters such as pH, ionic strength of the deposition solutions were examined. 

Silicon wafer was used as a substrate for all layer-by-layer polyelectrolyte film 

depositions throughout the study.  

 

Two critical film deposition parameters are the types of the polyelectrolytes and the 

concentrations of the polyelectrolyte solutions. By doing a series of trial and error 

experiments, it has been found that the optimum chitosan and alginate solution 

concentrations are 0.01% (w/v) (0.1 mg in 1.0 mL water) for each electrolyte. In this 

study, 0.01% (w/v) solution concentrations for both chitosan and alginate were chosen. 

Since, in case of <0.01% (w/v) solution concentration, film deposition was not 

effective. Opposely, >0.01% (w/v) solution concentration leads rough film deposition 

pattern for both polymers. Alginate is largely soluble in distilled water but at higher 
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concentrations >3% (w/v) it becomes too viscous to be used for film deposition. Higher 

solution concentrations are also not desirable for chitosan solutions because chitosan 

has a very limited solubility in distilled water. Therefore, solution concentrations were 

chosen as 0.01% (w/v) for both chitosan and alginate solutions for all layer-by-layer 

films prepared in this study. 

 

Multilayers have also been prepared in the presence of salts to examine the ion effect 

on film formation. In these trial experiments for salt solution optimization, chitosan and 

alginate solutions were prepared in agueous NaCl solutions with pH 5.5. This pH was 

chosen because it was the approximate intermediate pH value of chitosan and alginate 

pKa values. For chitosan pKa value is 6.5, and pKa values of M-residues and G-

residues of alginate are 3.4 and 3.65, respectively (Maurstad, et. al., 2008). Multilayer 

growths at different salt concentrations are shown in Figure 3.1. As seen in the figure, 

increasing salt concentration resulted first in an increase in film thickness and then a 

decrease in film thickness in the presence of 1 M NaCl. The increase in film thickness 

with increasing salt concentration is explained by the more coiled conformation of the 

polyelectrolyte in the presence of salt resulting in more loops and tails at the film-

solution interface and thus formation of thicker films. Moreover, the salt leads to higher 

swelling of either of the polyelectrolyte which then results in diffusion of higher 

amounts of the oppositely charged polyelectrolyte into the multilayer film matrix 

during film deposition (Dubas and Schlenoff, 1999; Liu et. al., 2013). The reason of 

LbL inhibition at 1 M salt concentration can be explained by reduced adsorption of the 

polyelectrolytes at high salt concentration due to screening of significant amount of 

functional groups by the salt ions resulting in disruption of the polyelectrolyte-

polyelectrolyte interaction which is necessary for film assembly (DeLongchamp and 

Hammond, 2004).  

 

Secondly, the pH range for multilayer deposition was examined. The pH of the 

chitosan solution was adjusted to 3 to maximize the protonation of amino groups of 

chitosan to assure extended conformation of chitosan and formation of a smooth layer 
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at the surface. For alginate, aim was to find the optimum pH value where uniform 

deposition can occur. For this purpose, pH of alginate was arranged upto 6.0 since at 

basic solutions, alginate gelatinizes and forms 3D matrices. Deionized water was used 

both as a solvent for polymer solutions and as washing medium to clear any unwanted 

deposits brought about by any types of ions or salts. The pH value of deionized water 

was adjusted by using HCl and NaOH solutions. 

In a study of Yuan, et. al., chitosan pH was adjusted to 3.0 and film deposition patterns 

were investigated at alginate pH values of 3.0, 4.0 and 5.0. Linear film growth was 

achieved at all three pH values (Yuan, et. al., 2007). Therefore, inspired from this 

study, for alginate solutions pH values were chosen as 3.5 (middle of pKa values of 

two homopolymer blocks in alginate), 4.5 and 5.5. Three separate groups of layer-by-

layer film depositions were prepared on silicon wafers. One set was achieved by 

adjusting chitosan and alginate solution pH values to 3.0 and 3.5, respectively. The 

other set of deposition was performed by adjusting chitosan solution to pH 3.0 and 

alginate solution to pH 4.5. The last set of deposition was made by adjusting chitosan 

solution to pH 3.0 and the alginate to pH 5.5. After analyzing the results of all three 

deposition patterns, the set including the use of pH 3.0 for chitosan solutions and pH 

3.5 for alginate solutions were chosen for further studies due to enhanced deposition 

when compared to other two. Figure 3.3. summarize the obtained results. 

The main aim of this study is to incorporate calcium and phosphate ions during 

deposition of different layers so that calcium and phosphate ions interact within the 

multilayers and form calcium phosphate structures of any form. This situation makes 

the prepared films usable for biomedical applications, especially for bone healing 

treatments. For this purpose, salts having Ca and PO4 ions were added into the 

solutions.  

There are mainly of two reasons behind this phenomenon:  

 Firstly, with the aim of forming very thin and smooth layers by not alllowing 

much interaction with opposite charges, the polyelectrolyte-ion pair was chosen 
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as of the same charge. So that positive charge of chitosan would not be blocked 

completely by phosphate but will have minimal content of Ca
2+ 

ions.  

 Secondly, as supplementary to the use of electrostatic layers, the aim was to 

hold the alginate polymer on chitosan layer strongly by using the immediate 

crosslinking of alginate polymer with Ca
2+ 

ion.    

Calcium phosphate minerals show the ability of incorporation to the bone tissue and 

triggers mineralization of bone, since they have chemically similar structures to the 

mineral component of bone. It is claimed that polysaccharides in the bone tissue 

structure were predominantly provides the interface interaction and stabilization 

between mineral phase and the organic matrix (Wise et. al., 2007; Zhong and Chu, 

2012). Chitosan and alginate both have the potential of triggering bone mineralization. 

Concept of the formation of calcium phosphate minerals on chitosan scaffolds, showing 

bioactivity towards bone tissue mineralization and integration also supported by many 

studies found in literature (Kong et. al., 2006; Xue et. al., 2009; Budiraharjo et. al., 

2010, Sezer et. al., 2014).  

The next step, after choosing optimum pH values for layer deposition, was to choose 

the best salt concentration for the most robust film growth. The first type of experiment 

was done to examine the effect of salt concentration on deposition of chitosan layer. 

The pH value of chitosan solution was 3.0. Alginate solution was prepared in acidified 

(pH 3.5) deionized water. At first, chitosan was dissolved at pH 1 in 0.05 M calcium 

phosphate Ca3(PO4)2 solution. Note that higher amounts of Ca3(PO4)2 could not be 

dissolved in DI water, since the maximum concentration of Ca3(PO4)2 saturated 

solution of water is only of 0.06M value. Therefore, chitosan was dissolved in 0.05 M 

Ca3(PO4)2 solution. After film formation, film growth when chitosan prepared in 

calcium phosphate solution was compared with results obtained when chitosan 

prepared in acidified deionized water solution. The graph showing the corresponding 

ellipsometer thickness results is shown in Figure 3.4.  
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Since the solubility of Ca3(PO4)2 is quite low, use of different salts of Ca and PO4 was 

studied. It is known that alginate is very sensitive to calcium ions and immediately 

forms gel by crosslinking with calcium. Therefore, Ca ion containing salt was added 

into cationic chitosan solution, and PO4 ion bearing salts into anionic alginate solution. 

As calcium sourse, Ca(NO3)2 was selected, which has higher solubility in water. In the 

prepared films, the pH value of chitosan solution was 3.0. Alginate solution was 

prepared in acidified (pH 3.5) deionized water including no salt dissolved in it. 

Calcium nitrate solutions Ca(NO3)2 were prepared as 0.05M, 0.1M and 0.5M as three 

sets to be used in deposition studies. After film formation, film growth when chitosan 

prepared in calcium phosphate solution was compared with the results obtained when 

chitosan prepared in acidified deionized water solution. The results showed that the 

most robust film deposition was achieved when chitosan was dissolved in 0.1M 

Ca(NO3)2 solution. The corresponding graph showing the ellpisometer thickness results 

is given in Figure 3.5. 

The next parameter was the salt concentration effect upon alginate deposition behavior. 

In this set of experiments, chitosan solution of pH 3.0 in deionized water was used. 

Now, alginate solution was dissolved in 0.05M, 0.1M and 0.5M Na3(PO4) solutions and 

the pH was set to 3.5. The results show some inconsistency, the thickness of the film is 

the least for 0.05M Na3PO4 solution, increase for 0.1M Na3PO4 and then decrease again 

for 0.5M Na3PO4 solution. The thicker films were obtained for both polymers dissolved 

in deionized water. All the results were obtained by repeating the experiments twice. 

However, alginate dissolved in 0.1M Na3PO4 worked best for our purpose since the 

aim was the generation of calcium phosphates in between each two adjacent 

polyelectrolyte layers. The corresponding results are shown in Figure 3.6. According to 

these results, it can easily be seen that the film deposition behavior in 0.05M Na3PO4 

solution was irrelevant and should be given of no value. 

By optimizing pH and concentration of salt medium parameters, films of 12 layers 

(Figure 3.5., Figure 3.6., Figure 3.7. and Figure 3.8.) or 15 layers (Figure 3.9., Figure 

3.10., Figure 3.11. and Figure 3.12.) were produced by using 0.01% (w/v) chitosan 
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dissolved in pH 3.0 Ca(NO3)2 solution and 0.01% (w/v) alginate dissolved in pH 3.5 

Na3(PO4) solution. The salts were chosen mostly because of the aim of incorporation of 

Ca and PO4 ions in between the polyelectrolyte layers. For this purpose, highly soluble 

Ca(NO3)2 was used. With its being completely soluble at corresponding solution 

concentrations, NO3
2-

 ions of it holds onto the NH3
+ 

groups on chitosan backbone, 

releasing Ca ions to interact with acetate groups and the remaining Ca ions (salt 

concentrations used are very high when compared to polymer concentrations) can 

interact with the alginate carboxyl groups on the top layer to hold the bilayer upon 

itself more tightly. On the alginate layer, Na ion can interact mostly with the carboxyl 

groups of chitosan in addition to Ca ions. Being known for sure that alginate can 

immediately crosslinked with any free Ca ions readily, in the presence of Ca ions, Na 

ions could not align itself on alginate layer. By founding a chance of interacting with 

the free counterions of alginate, PO4 ions also holds onto the structure.  

All of the above films were prepared by using chitosan as both the first layer and the 

last layer. As a third parameter, films of 15 layers were also produced by using alginate 

as the first and the last layer. As alginate solution, pH 3.5 adjusted deionized water, or 

pH 3.5 adjusted 0.1M Na3PO4 solutions were used. For chitosan, pH 3.0 adjusted 

deionized water, or pH 3.0 adjusted 0.1M Ca(NO3)2 solutions were used.  

3.2. Characterization of the Films 

The films prepared as LbL multilayer coating of chitosan and alginated dissolved in pH 

adjusted acidic solutions, or pH adjusted salt containing acidic solutions were examined 

by measuring the thickness of the films as well as by examining the chemical structures 

via spectrophotometric measurements. 

3.2.1. Thickness Measurement 

Layer-by-layer assembly of polyelectrolytes (PEs) is an easy and versatile method used 

for architecturing highly tunable thin film coatings. Multilayer film properties can be 

changed through the adjustment of deposition conditions, since electrostatic 

interactions achieve the bonding between PEs. Generally, parameters that are varied 
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can be the pH of the polyelectrolyte solution, ionic strength, the number of layers, order 

in which the layers are deposited and post-assembly modifications (Detzel et. al., 

2011). Similarly, in this study, adjusted film deposition parameters were the pH of the 

polymer solutions, the type of salt and its concentration (ionic strength), and the order 

of polymer layers deposited.  

 

Spectroscopic ellipsometry is an optical technique used for analysis and metrology, and 

it is an efficient instrument to see the layer-by-layer linear formation of polyelectrolyte 

films. A light beam is reflected off of the sample of interest in an ellipsometer 

instrument. The light beam is then analyzed to see what the sample did to the light 

beam. The conclusions can be collected about are the sample thickness and the optical 

constants (Tompkins, 2012). Many researchers proved the linear deposition of their 

polyelectrolyte films by ellipsometer (Zhou et. al., 2010; Yamaguchi et. al., 2014).  

 

In this study, films were deposited either by using chitosan (CHI) or alginate (ALG) as 

the first layer. The growth of polymers on the surface was monitored mostly at each 

layer. Before each measurement, all samples were cleaned and dried with nitrogen gas 

to remove any superficial contaminant. Ellipsometer (Ellips, PhE-102, Angstrom 

Advanced Inc, Braintree, USA) was used at a wavelength range of 300 to 1100 nm 

with an arm angle of 65
0 

(arm angle used for polymeric surfaces). The polymeric layers 

were built on silicon wafer surface. On each sample, approximately 5 different 

positions were measured and the thickness measurement was performed and calculated 

as the average of all these measurements.  

Thickness values obtained from the ellipsometer measurements for films prepared by 

using different concentrations of NaCl for polymer solutions (CHI in either 0.25M, 

0.5M or 1M pH 5.5 adjusted NaCl solution and ALG in either 0.25M, 0.5M or 1M pH 

5.5 adjusted NaCl solution) are given in Figure 3.1.  
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Figure 3.1. Ellipsometer thickness measurement results of films prepared by using 

chitosan and alginate in the presence of either 0.25M, 0.5M or 1M of NaCl solutions at 

pH 5.5 for both solutions 

 

Detzel et. al., 2011 says that a self-assembled PEM can grow either linear or in 

exponential manner. Linear growth occurs when the used polyelectrolytes are highly-

charged and do not easily diffuse out throughout. On the other hand, exponential 

growth typically occurs in case of weak polyelectrolytes, characterized by diffusion and 

hydrogen bonding (Detzel et. al., 2011). Since the aim is to use the films for further 

bone tissue engineering purposes, polyelectrolytes have to attach to each other strongly 

and form a linear and uniform deposition behavior.   

Although NaCl is a very popular salt used for CHI/ALG film deposition (Maron et. al., 

2004), after examining the ellipsometer layer deposition datas presented in Figure 3.1., 

we gave up using pH value of 5.5 for CHI and ALG solution pH. Even about 40-50 nm 
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of film thickness was obtained, the increase in film thickness was not smooth in NaCl 

solution of pH 5.5, most probably due to the layers of having globular formation under 

these conditions. In addition to the electrostatic interactions, polymer structures and 

degradability behavior of the two polymers at pH 5.5 may be the reason behind this 

deposition pattern. Consequently, this is a phenomenon that should be studied more 

deeply in future studies regarding only the polymer behaviors at different pH values.  

As explained in the above paragraphs, for alginate, we tried to find the upper pH limit. 

Figure 3.2 demonstrates the ellipsometer thickness measurement results of the film 

prepared. 

 

Figure 3.2. Ellipsometer thickness measurement result of the film prepared by using 

pH 3.0 CHI and pH 6.0 ALG, both polymers were dissolved in pH adjusted DI water 

containing no salt. 

 

Since there is a nonlinear growth and a nonuniform deposition with high very standard 

deviation, it was decided that pH of 6.0 was too high for alginate. The results show 

consistency with the literature. Xu and his coworkers evidenced that at a pH value of 
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alginate solution higher than 5.5, ALG show unusual behavior by forming a gelatinous 

structure in the aqueous media, making this polyelectrolyte inappropriate for LbL 

deposition (Xu et. al., 2007). 

The next step was taking chitosan pH far from its pKa value (when the chain is more 

extended), because under acidic conditions, CHI is positively charged. Electrostatic 

forces play a critical role in the interactions between the protonated amines on the CHI 

and the negatively charged ALG (Yang et. al., 2014). At alkaline or neutral pH, 

protonated amines become slightly positively charged, which is not a desired property 

for our purpose. Therefore, after deciding solution pH value for CHI as 3.0, our aim 

was then decide optimum pH for alginate. The values less than pH 6 were studied. The 

chosen pH values were 3.5 (in the middle of pKa values 3.4 and 3.65 for alginate), 4.5 

and 5.5.  

Figure 3.3 shows the deposition patterns and their relation with each other for films 

prepared by using alginate solutions at different pH values. As Figure 3.3 clearly 

shows, the film deposition for alginate pH 3.5 is both more linear and thicker when 

compared to deposition for other pH values. When Figure 3.3 was examined, for 12 

layers of deposition, a maximum of ~13 nm thickness was measured when alginate was 

dissolved in solutions having pH 3.5. For 12 layers of deposition, the measured 

thickness values for other films were ~4 nm for both pH 4.5 and pH 5.5 case. A similar 

study was conducted by Yuan and his group (Yuan et. al., 2007). They studied the film 

deposition behavior of the CHI-ALG system. CHI solution pH value was again stable, 

pH 3.0 but ALG solutions prepared in pH 3.0, 4.0 and 5.0 adjusted phosphate-citrate 

buffer solutions. They studied the deposition of 6-bilayers (total 12 layers) of films. 

They followed the film deposition behavior by using SPR technique, their results 

highlighted that the SPR shift angle, which is directly related to the number of bound 

material, film thickness followed the order of pH 3.0>pH4.0>pH5.0, showing exact 

consistency of our results obtained by ALG prepared in pH 3.5 solution (Yuan et. al., 

2007). Therefore, chitosan pH 3.0 and alginate pH 3.5 pair was chosen for further 

studies.  
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Figure 3.3. Ellipsometer thickness results of the films. CHI pH 3.0, ALG pH 3.5, 4.5 

and 5.5. pH adjusted DI water containing no salt was used for polymer dissolution 

 

Since the purpose was to grow calcium phosphate niche structures in between each 

polyelectrolyte layer, the needed salts for chitosan and alginate solutions have to 

contain Ca
2+

 and PO4
3- 

ions within themselves. Chitosan has NH2 groups which can 

easily deprotonate to give chitosan a cationic property, whereas alginate has negatively 

charged COO
-
 groups to give alginate anionic property. Many researchers used calcium 

and phosphate containing salts for generation of Ca3(PO4)2 structures within chitosan 

and alginate scaffolds (Lawrie et. al., 2007; Wu et. al., 2009; Lee et. al., 2010; Ucar et. 

al., 2013). However, still there is no study related to the incorporation of calcium 

phosphate structures within polyelectrolyte layers. In our study, chitosan was decided 

to be dissolved in calcium ion containing salt solution and alginate was dissolved in 

phosphate ion containing salt solution. After determining the salts for polymer 

dissolution, the effect of salt concentration used for chitosan solution preparation was 
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studied. The alginate solution was prepared in pH adjusted deionized water. The pH 

values were chosen as 3.0 for chitosan and 3.5 for alginate. Ca3(PO4)2 was chosen as 

salt solution and dissolved in chitosan. Corresponding ellipsometer thickness 

measurements are shown in Figure 3.4.  

 

 

 

Figure 3.4. Ellipsometer thickness measurement results showing the salt effect of 

calcium phosphate. CHI pH 3.0, ALG pH 3.5. pH adjusted DI water was used for ALG 

solution 

 

As it can be seen from Figure 3.4, Ca3(PO4)2 presence in chitosan dissolving solution 

had no significant effect on film deposition behavior, most probably due to the very 

limited solubility of Ca3(PO4)2 in water (0.002g/100g water).   
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Consequently, as already mentioned in section 3.1., the salt solution used for chitosan 

was changed to calcium nitrate, Ca(NO3)2, a more soluble calcium salt (solubility 

Ca(NO3)2: 121.2g/100g water). Calcium nitrate was used for the rest of the study. 

Effect of calcium nitrate salt concentration on chitosan-alginate film thickness was 

examined. For this purpose, chitosan was dissolved in solutions containing 0.05M, 

0.1M and 0.5M Ca(NO3)2 and pH of solutions was adjusted to 3.0. Alginate was 

dissolved in deionized water with pH adjusted to pH 3.5. Figure 3.5 shows the 

thickness results obtained by ellipsometer.  

 

 

Figure 3.5. Ellipsometer thickness measurement results showing the salt effect of 

calcium nitrate. CHI pH 3.0, ALG pH 3.5. pH adjusted DI water was used for ALG 

dissolution 
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As it can be seen from Figure 3.5, the thicker and more linear film deposition occurred 

in the case of chitosan dissolved in 0.1M Ca(NO3)2 solution. It can also be seen that 

when salt concentration increases from 0.1M to 0.5M, film thickness was reduced from 

11 nm to 9 nm for 12 layers of film deposition. It can be concluded that there is an 

optimum salt concentration for layer deposition and any further increase in the salt 

concentration leads thinner film deposition. This may be the result of interactions 

between salt and polymer in the solution so that deposition on the substrate surface 

would be less.  

In literature, there were no such study concerning the salt concentration effect of 

Ca(NO3)2 or Na3PO4 on CHI and ALG multilayers; hovewer there still a study with 

similar consequences. McAloney (McAloney et. al., 2001) studied the morphology of 

multilayer films formed from polydiallyldimethylammonium chloride and polystyrene 

sulfonic acid deposited under a range of salt concentrations (from 10
-4

 to 1.0 M) by 

using atomic force microscopy (AFM). With similar properties as to the underlying 

silica substrate, ten-bilayer films that were deposited with less than 0.3 M added NaCl 

were seen as flat and featureless.  

The morphology of the films was changed to vermiculite when the films were formed 

at and above this salt concentration. The evolution of the vermiculite pattern was 

investigated by AFM studies of each layer, which is deposited under high salt 

concentration (1.0 M NaCl) environment. The first three bilayers were featureless by 

having a thickness of ∼6 nm/bilayer. However, by the fourth bilayer, a change in 

morphology was seen, by increasing the average thickness to ∼46 nm/bilayer. As a 

function of the ionic strength of a solution,.polyelectrolytes undergo a transition from 

an extended conformation to a more compact form, and these results may be explained 

in terms of that point (McAloney et. al., 2001). Therefore, 0.1M Ca(NO3)2 solution was 

chosen as optimum salt concentration for film deposition for the rest of the study. 

The examination of film deposition behavior when alginate dissolved in salt containing 

medium and chitosan in acidified deionized water was achieved. In these set of 



 61   

 

experiments, chitosan solution of pH 3.0, dissolved in deionized water was used. 

Alginate solutions were prepared by disslving alginate in 0.05M, 0.1M and 0.5M 

Na3(PO4) solutions and the pH of alginate solution was set to 3.5. Figure 3.6 

summarizes the elipsometric measurement results of thickness values of LbL films.  

 

 

Figure 3.6. Ellipsometer thickness measurement results of the films prepared by using 

CHI at pH 3 and ALG in the presence of 0.05M, 0.1M and 0.5M sodium phosphate 

 

 

As explained in section 3.1, in greater detail, although the results were obtained by 

conducting two parallel set of experiments, the results show some inconsistency, the 

thickness of the film is the least for 0.05M Na3PO4 solution, increase for 0.1M Na3PO4 

and then decrease for 0.5M Na3PO4 solution.  
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The thicker film of ~13 nm for 12 layers deposited was obtained for films produced by 

using both polymers dissolved in deionized water throughout the film deposition 

process. However, the aim was to incorporate phosphate ions upon layer-by-layer 

structure. Therefore, alginate dissolved in 0.1M Na3PO4 works best for our purpose 

since the films deposited both for DI water solution and 0.1M Na3PO4 solution 

mediums showed the same thickness pattern.  

As a conclusion, the results gathered by using 0.05M Na3PO4 solution are of no value 

due to its irrelevancy from the other datas. Thus, it carries no scientific importance and 

can not be used for further studies.  

The results for chitosan dissolved in Ca(NO3)2 and alginate dissolved in Na3PO4 

separately indicated that, using of 0.1M solution of both salts worked best for the 

polymers. So, the next step was the preparation of both polymers in 0.1M salt solutions 

and compare the film deposition behavior of only one of the polymers dissolved in salt. 

The results of these experiments are shown on Figure 3.7.  
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Figure 3.7. Graph showing the comparision of film deposition when both polymers are 

dissolved in their corresponding salt solutions and only one type of polymer dissolved 

in salt solution 

 

 

By referring to Figure 3.7, the film thickness of the LbL films prepared by using 0.1M 

salt solutions for the dissolution of both polymers was nearly the same of the 

thicknesses we got by using salt solution for the dissolution of one polymer while using 

no salt for the other polymer. As a conclusion, the difference in layer thicknesses is too 

small and negligible, and the salt does not effect the decomposition of the layers. 

Now, if we combine the graphs we get for the cases when both polymers dissolved in 

deionized water and both polymers dissolved in 0.1M corresponding salt solution, it 

can easily be seen that a thicker film of 14 nm thickness was produced when both 
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polymers were dissolved in their corresponding salt solutions. The film thickness was 

12 nm for DI water solutions. The difference in film thicknesses is very small, of about 

2 nm, this negligibly small value is reasonable when we take into the fact that the 

ultimate layer thicknesses of our films were only around 10 nm for 12 layers of film 

deposited. The results are summarized in Figure 3.8.  

When we compare our data with the values given in literature, we see that our results 

are consistent with the literature concerning the effect of salt presence upon formation 

of films with higher thickness values. In literature, it was found that an increased 

deposition of PSS and PAH was observed with increase in electrolyte (NaCl) 

concentration. Higher negative surface zeta potential (-2.63 to -7.81) was observed with 

increase in NaCl concentration from 0 to 0.4M, generally due to the enhanced diffusion 

along the multilayer film and screening of the surface charges through the 

polyelectrolyte film. However, under solutions of concentration higher than 0.6M, now 

there was a decreasing trend (zeta potential obtained was now +0.23 for 0.8M solution) 

upon layer formation. This trend may be due to the precipitation of polyelectrolyte in 

the film growth solution, avoiding it from holding on to oppositely charged interface. 

The study was concerning the sequential adsorption of negatively charged poly (styrene 

sulfonate) (PSS) and positively charged poly (allylamine hydrochloride) (PAH) using 

layer-by-layer (LBL) self-assembly nanocoating process (Ali et. al., 2010). 
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Figure 3.8. Combined graph comparing the thicknesses of the films when both 

polymers dissolved in pH adjusted DI water and their corresponding salt solutions 

 

Thus far, the prepared films were produced as 12 layers. From now on, to make the 

first and the last layer different from each other 15 layers of films were produced. Films 

of thickness ~13 nm were produced. The parameter is now the order of polyelectrolyte 

deposited on silicon wafer surface. The rest of the parameters for layer deposition were 

the same (either pH adjusted deionized water, or the corresponding salt solutions were 

used for chitosan and alginate preparation, pH was adjusted to 3.0 for CHI and 3.5 for 

ALG).  

To be sure about the reproducibility of film formations, by keeping the solutions 

constant 5 different films were prepared as LbL deposition and their thicknesses were 

measured. Figure 3.9 shows the film deposition behavior of 5 different films produced 

by using pH adjusted deionized water for both polymers. 15 layers of films were 
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produced by using chitosan as the first layer. This means, deposition of 7 bilayer of 

CHI-ALG was done, and the last top layer over this 7 bilayer system is again chitosan, 

in total forming 15 layers of LbL film deposition. Since it had been known that a linear 

deposition occurs at these parameters, ellipsometer layer thickness measurements were 

done at every 5 layers. As it can be observed from the figure, there is almost no 

difference among the values and in fact there is a high reproducibility and consistency 

in the thicknesses.  

 

 

Figure 3.9. Thickness of (CHI/ALG)7CHI films. CHI in pH 3.0 DI water, ALG in pH 

3.5 DI water 

 

 



 67   

 

Film deposition behavior of 5 different films produced by using pH adjusted deionized 

water for polymer dissolutions is shown in Figure 3.10. Similar to the previous 

example, 15 layers of films were produced by using alginate as the first layer as well as 

the last top layers. Thickness measurements were done at each layer. 

 

Figure 3.10. Graph of (ALG/CHI)7ALG films. ALG in pH 3.5 DI water, CHI in pH 

3.0 DI water 

 

As Figure 3.9. and Figure 3.10. show, film thickness results were very similar without 

depending on the order of polymeric layers. There is almost no difference among the 

values and in fact there is a high reproducibility and consistency in the thicknesses of 

the films. A slight thicker films produced by using CHI as the first layer. Below 

paragraph is an explanation to the film deposition behavior shown on Figure 3.9 and 

Figure 3.10.  
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In a study conducted by Ramasamy and Haidar, chitosan (CHI) and alginate (ALG) 

were alternatively deposited via the layer-by-layer technique—in reversed order—on 

planar gold (Au) surfaces and monitored in situ by means of quartz crystal 

microbalance with dissipation (QCM-D) in real-time. QCM-D revealed that [ALG–

CHI]10 films were compact yet soft with thickness in the range of 240 nm compared to 

a more open [CHI–ALG]10 system with 91 nm (Ramasamy and Haidar, 2012). The pH 

value of CHI was adjusted to 5.0 and ALG pH was 7.0 in the study. Au substrate is 

used in place of silicon wafer and polymers were prepared in ultra pure water. 

Assuming the lineer film growth pattern for this 20 layer deposition study, the film 

thicknesses they get for 15 layers are ~180 nm for [ALG–CHI]10 films and ~68 nm for 

[CHI–ALG]10 system. The results were 11 nm for our (ALG/CHI)7ALG films and 13 

nm for (CHI/ALG)7CHI system. This high difference upon thickness values may be 

due to the high concentration of charges on both CHI and ALG polymers in the pH 

range of concern. CHI bears high concentration of positive charge on itself at pH 5. 

CHI is nearly globular, achieving higher thickness upon Au substrate, but films of CHI 

cannot be smooth at this pH value of 5. Similar thing can be said for ALG. ALG 

become highly negatively charged at pH 7, forming thicker yet rough LbL films.  

As next step, 15 layers of films were produced by changing only the order of polymers 

deposited, without changing any other parameter. However, CHI and ALG solutions 

were prepared in Ca(NO3)2 and Na3PO4 solutions, respectively. The pH values of the 

solutions were again adjusted to 3.0 for CHI, and 3.5 for ALG again. Figure 3.11 

demonstrates the results obtained for (CHI/ALG)7CHI films produced by using salt 

solutions for CHI and ALG polymer dissolution.  
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Figure 3.11. Graph of (CHI/ALG)7CHI films. CHI in pH 3.0 calcium nitrate solution 

and ALG in pH 3.5 sodium phosphate solution 

 

As it can be seen from the figure, there is linear increase in film thickness, and the 

thickness of the prepared LbL as 15 layers was detected as  ~18 nm. This shows that, 

almost every layer has about 1-1,5 nm thickness and have quite extended molecular 

deposition of the polymer chains.  

 

Figure 3.12 shows the film deposition behavior of 5 different films produced by using 

salt solutions for CHI and ALG polymers. For this set, ALG is the first and the last 

layer of the produced LbL films. Thickness measurement by ellipsometer was done at 

each layer. 
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Figure 3.12. Graph of (ALG/CHI)7ALG films. ALG in pH 3.5 sodium phosphate 

solution and CHI in pH 3.0 calcium nitrate 

 

The difference in layer thickness is more pronounced for these two types of films 

prepared by using salt solutions for dissolving polymers. As Figure 3.11 and Figure 

3.12 clearly show, thicker films were produced by using CHI as the first layer (~18 nm) 

when compared to the results obtained by using ALG as the first layer (~13 nm).  

In the purpose of getting supplementary film deposition behavior datas to gain further 

insight into the CHI/ALG system, some additional film deposition experiments were 

conducted by changing some secondary parameters. These parameters were the 

chitosan molecular weight (medium molecular weight of chitosan was used for film 

deposition) and effect of drying silicon wafer. In addition, to see the physiological 

stability of the films, one chosen film was waited in pH 7.4 solution for 1 day. The 
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ellipsometer thickness results show that the chitosan molecular weight and drying 

silicon wafer have no effect on film thicknesses measured. Results were given as 

supplementary in Appendix B section as ellipsometer thickness measurements. 

 

3.2.2. Structural Characterization of Films  

Films were characterized in terms of their structural formation (whether they formed 

proper layer by layer deposition), chemical and biological properties to evaluate if they 

were suitable to be used in bone tissue engineering applications. 

 

3.2.2.1. SEM Analysis 

In this study, in the layer-by-layer deposition part, it is aimed to synthesize 

polyelectrolyte multilayers in 2D film forms by using two interacting polymers namely 

chitosan and alginate, and different deposition parameters. In addition, incorporation of 

nanosized calcium phosphate ions (or particles) within each polyelectrolyte layer was 

performed to make films suitable to be used for bone tissue engineering applications.  

Layer-by-layer film deposition gives the resultant film a smooth surface with broad 

range of thickness from a few nanometers to micrometer scale. Scanning electron 

microscopy (SEM) is a very useful technique for examining the surface structure, 

topography and morphology. SEM is also a very popular technique to examine the 

surfaces of films prepared by layer-by-layer technique (Carneiro-da-Cunha, et. al., 

2010). SEM surface analysis was performed for one chosen type of film, 

(CHI/ALG)7CHI, having structure of 15 layers and the first and the last layer of the 

film was CHI. The approximate film thickness was ~16 nm. Figure 3.13 shows calcium 

crystals on the films, as can be seen on EDAX quantification of elements. Figure 3.14 

shows the EDAX quantification of the elements on the films. Bare silicon wafer was 

chosen as control. 
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Figure 3.13. SEM images of (a) bare silicon wafer and (b,c) two different calcium 

crystals formed on chitosan and alginate layers deposited on silicon wafer (x5000 

magnification) 

 

a 

b c 



 73   

 

 

Figure 3.14. The corresponding EDAX quantification of elements present on the 

silicon wafer surface 

 

The produced film has a thickness of about 16 nm. Since SEM is not a highly sensitive 

technique especially for the determination of surface morphology of films less than 50 

nm, the detailed view of layer morphologies cannot be seen by SEM instrument. From 

the EDAX quantification results, Ca ion occurrence can be seen; however, no P ion was 

observed. This may result from two possibilities: the first is that the films are not stable 

in silicon wafer surface in the long term due to the possible degradation of the film on 

the surface. The second is that the scanning electrons of SEM instrument penetrate 

throughout the film, showing the silicon wafer surface topography, without sensing and 

imaging the deposited layers and ions within the layers. 

Then, it is decided to use a highly surface sensitive instrument, time-of-flight secondary 

ion mass spectrometry (TOF-SIMS), to see the elemental composition of the surfaces.   

3.2.2.2. Elemental Composition 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a very powerful 

technique for surface analysis..By imaging the molecular ion, or major ion fragments, 
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TOF-SIMS shows direct information on the distribution of specific organic 

molecules..TOF-SIMS has been routinely used for depth profiling studies, especially 

by using dual beam..Depth profiling studies provide information about the variation of 

the sample composition with depth from the top nascent surface (Delcorte et. al., 1996; 

Wehbe et. al., 2013; Bhushan et. al., 2013). In this study, depth profile and elemental 

composition of 15 layer film of (CHI/ALG)7CHI, having thickness of about 16 nm was 

tried to be obtained using a pass energy of 50 eV and 5 eV steps. Positive ion spectra 

corresponding to Si
+
, Ca

+
, C6H11O4N

+
 and C6H8O6

+
 peaks were obtained by using 1 

keV O+ ion source, current 200 nA as first ion beam (to sputter a crater) and 25 keV 

pulsed 69Ga+ source, pulsed current 2.0 pA as the second ion beam to analyze the 

crater..All TOF-SIMS analyses were performed with an X-ray spot size of 400 µm and 

at a photoelectron takeoff angle of 45° (Chen et. al., 2008)..Figure 3.15 demonstrates 

the elemental depth profile variation of Si
+
, Ca

+
, C6H11O4N

+
 and C6H8O6

+
 ion 

concentrations within the coating with respect to depth, obtained in the positive ion 

mode..  

 

Figure 3.15. Elemental depth profiles obtained in the positive ion mode 

 

When Figure 3.15. was examined, it can be seen that on going from film surface to the 

interior of the film and eventually to the silicon wafer surface, firstly occurred alginate 

and chitosan peaks were decreased in a stepwise fashion as photons go into the interior 

Chitosan 

 

Alginate 

e 

Ca 

Si 
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of the film. However, as penetrating more near to the surface, Ca ion and higher peak 

addressing the Si occurence on the surface can be seen. Although the stepwise and 

resolved peaks for chitosan and alginate cannot be seen from the figure, as should 

occur for depth profiling, still it can be concluded that these two polyelectrolytes 

assembled onto the surface, with a Ca ion occurrence in the interior of the film. 

Phosprous presence cannot be seen since the instrument has been worked in the 

positive ion mode. The most probable reason behind not seeing the resolved ladder-like 

decreasing peaks for chitosan and alginate was the inadequate sensitivity of TOF-SIMS 

depth profiling under 30 nm. 

3.3. In vitro Cell Culture on nano-LbL films 

In this part, five sets of films shown with letters of A-E were tested in cell culture 

experiments. Groups are shown below: 

 A denotes (CHI/ALG)7CHI films prepared in salt solutions;  

 B denotes (ALG/CHI)7ALG films prepared in salt solutions;  

 C denotes (CHI/ALG)7CHI film prepared in pH adjusted deionized water;  

 D denotes (ALG/CHI)7ALG film prepared in pH adjusted deionized water and  

 E denotes uncoated silicone wafer. 

3.3.1. Cell Morphology 

The attachment and morphology of the cells on LbL films were examined by scanning 

electron microscopy (SEM). As seen from SEM images after 24 h culturing, cells were 

attached on all types of films. However, it was observed that initial cell attachment was 

relatively higher on groups C and D, compare to groups A and B (Figure 3.16). This 

observation was also supported by cell proliferation analysis in Figure 3.18.  

On day 7, some cell layers were observed on type C and D films. But, it was seen that 

cells were detached from wafer surfaces of type A and B films; this was most probably 

due to films’ unstability on the silicone wafers.  
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Figure 3.16. SEM images of Saos-2 cells on film surfaces after incubation for 1 day (X 

500 magnification) 
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Figure 3.17. SEM images of Saos-2 cells on film surfaces after incubation for 7 days 

(X 500 magnification) 

 

3.3.2. Cell Proliferation 

Cell attachment and proliferation ability of Saos-2 cells on nano LbL surfaces were 

examined by Alamar blue assay up to 1 week with uncoated silicone wafers serving as 

the control (Figure 3.18). The initial cell numbers on type C and D after day 1 were 

relatively higher compare to those of on type A, B and E. However, on day 7, the cell 

number decreased on all type of surfaces except on type E which is control group. 
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These results do not suggest cell death on the film surfaces. Proliferation might be 

occured but as explained above, detachment of the polymeric films from silicone wafer 

surfaces might lead to decrease in cell number.  

 

 

Figure 3.18. Cell proliferation of Saos-2 cells on LbL films and uncoated silicone 

wafer (control) quantified using Alamar Blue assay on days 1 and 7 (n=3). A denotes 

(CHI/ALG)7CHI both in 0.1M salt solution, B denotes (ALG/CHI)7ALG both in 0.1M 

salt solution, C denotes (CHI/ALG)7CHI both in dI water, D denotes (ALG/CHI)7ALG 

both in dI water and E denotes uncoated silicon wafer 
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surfaces for 7 days of time. The cells may not be attached and proliferated on the 

surface as a result of the high smoothness and homogeneity of the film surface. Since 

there were no micro and nano grids on the surface, a result of lineer and smooth 

deposition pattern occured. Although the initial aim was not completely achieved, this 

study opens up a comprehensive and fundamental approach upon LbL polyelectrotyte 

film deposition conditions of CHI and ALG.  

 

As a next step, we passed to covalent type of interaction upon the films. For this 

purpose, two type of the films (CHI/ALG)7CHI and (ALG/CHI)7ALG in DI water 

solution) showing a relatively better cell adhesion was chosen and crosslinked under 

GA vapor with GEL, a biopolymer with known properties of increasing cell 

attachement so that the films can be used for bone tissue enginnering applications. GA 

is known to bind carboxyl and amine groups. GEL has both groups in itself and CHI 

has amine groups. After crosslinking under GA vapor, CHI and GEL bonding was 

achieved.  

 

3.4. Solvent Casted LbL Films and Mechanical Properties 

In this part of the study concerning the antibiotic release and antimicrobial activity of 

the prepared films, we used multilayer films with thicknessses at the micrometer level 

which were produced using solvent casting method. The reason of using thicker films 

for controlled release studies is to load high amounts of drug into the film (for 

spectroscopic determinations >1 µg CS is required for UV detection during release 

studies)  

Mechanical properties of the CHI/ALG-CS/CHI, CHI/ALG/CHI, CHI-GEL/ALG-

CS/CHI-GEL and CHI-GEL/ALG/CHI-GEL films both in their uncrosslinked and 

crosslinked forms were characterized in terms of their ultimate tensile strength (UTS), 

Young’s modulus and strain values. Ultimate tensile strength (TS) is the maximum 

stress that a material can endure while being stretched or pulled before failing or 

breaking. TS defined as a stress, which is measured as force per unit area, with unit is 
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usually MPa (Degarmo et. al., 2003; Smith et. al., 2006). Young’s modulus (tensile 

modulus or elastic modulus) is a measure of the stiffness of an elastic material and used 

to characterize materials. It is calculated as the ratio of the stress (force per unit area) 

along an axis to the strain (ratio of deformation to initial length) along the axis. The 

practical units of Young’s modulus are MPa and GPa (IUPAC, 2006). Percent 

Elongation is defined as the strain at fracture in tension, expressed as a percentage. 

Percent elongation is a measure of ductility of a material. Gelatin films show average 

tension at break (TB) and elongation at break (E) values of 7.84 ± 1.10 MPa and 71.3 ± 

10.5%, respectively, being in the same range according to the publishing for some 

authors (Gennadios, et. al., 2002; Martucci & Ruseckaite, et. al., 2009). Conversely, 

chitosan films show higher TB value 17.34 ± 2.43 MPa and a smaller E% of 44.2 

±7.9%, if compared with gelatin film. For chitosan, comparision of the mechanical 

testing results for the films is difficult as a wide difference in the literature related with 

the different compositions of chitosan, degree of acetylation, molecular weight, 

solubilization, film preparation methods and conditioning prior to testing (Rivero et al., 

2009)..Although some differences occur for different researches, results show 

consistency with the others in general (Pereda et al., 2009, Pereda et. al., 2011).  

As a third comparision, TS and E values for neat alginate films was investigated. Pure 

alginate has a tensile strength of 35.0 ± 8.2 MPa and elongation at break of 8.6 ± 2.3% 

(Galus et. al., 2013). The results obtained are nearly the same with other studies when 

compared (Rhim et. al., 2004; Olivas and Barbosa-Canovas et. al., 2008). High 

elongation value is due to high content of soft segment in the polymer. Consequently, 

flexible polymers show substantially low tensile strength and high strain percent 

values. When all these results are compared, it can easily be seen that TS of polymers 

increase in the order of GEL, CHI and ALG. Conversely, E values, in accordance with 

percent strain values decrease in the order of GEL, CHI and ALG. Therefore, it can be 

concluded that the flexibility order of those three polymers is GEL>CHI>ALG.  

 



 81   

 

Mechanical properties such as TS, YM and % strain values obtained from the 

mechanical testing of CHI/ALG-CS/CHI and CHI/ALG/CHI control films in their 

uncrosslinked forms are given in Table 3.1, Figure 3.19., Figure 3.20 and Figure 3.21. 

Mechanical testing of this type of film cannot be conducted achieved due to the 

interestingly and highly fragile nature of crosslinked films.  

 

Table 3.1. Table showing the mechanical testing results obtained for CHI/ALG-

CS/CHI and CHI/ALG/CHI noncrosslinked films 

 Thickness 

(mm) 

TS (MPa) YM (GPa) Strain % 

CHI/ALG-CS/CHI 

(B) 

0.072 ± 0.003 96.395 ± 3.522 1.270 ± 0.054 11.900 ± 1.608 

CHI/ALG/CHI 

(Control B) 

0.074 ± 0.004 88.598 ± 7.856 1.298 ± 0.099 11.325 ± 5.090 

 

 

 

Figure 3.19. Graph showing TS (MPa) obtained for the films CHI/ALG-CS/CHI (B) 

and CHI/ALG/CHI (Control B) in their uncrosslinked form                 
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Figure 3.20. Graph showing YM (GPa) obtained for the films CHI/ALG-CS/CHI (B) 

and CHI/ALG/CHI (Control B) in their uncrosslinked form                   

 

 

Figure 3.21. Graph showing the strain percent obtained for the films CHI/ALG-
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As seen from Figure 3.19., Figure 3.20 and Figure 3.21., a slight increase in both TS 

(from 88.598 ± 7.856 MPa to 96.395 ± 3.522 MPa)  and strain percent (from 11.325 ± 

5.090% to 11.900 ± 1.608%) is occurred when films were loaded with CS, meaning a 

less flexible, less mechanically endurable films were produced. Therefore, with GA 

crosslinking, they became more fragile and did not endure the load applied for 

mechanical analysis. 

 

Now, Table 3.2., Figure 3.22., Figure 3.23. and Figure 3.24. show the TS, YM and 

strain percent values obtained from the mechanical testing of CHI-GEL/ALG-CS/CHI-

GEL and CHI-GEL/ALG/CHI-GEL control films both in their crosslinked and 

noncrosslinked forms. CHI-GEL blend in the first and the last layer of the films were 

prepared as 50% from both polymers since it was proven to be the best film 

composition in mechanical properties (Dong et. al., 2006).    
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Table 3.2. Table showing the mechanical testing results obtained for CHI-GEL/ALG-

CS/CHI-GEL and CHI-GEL/ALG/CHI-GEL noncrosslinked films 

 Thickness 

(mm) 

TS (MPa) YM 

(GPa) 

Strain 

(%) 

CHI-GEL/ALG-CS/CHI-GEL 

(A) 

0.075 ± 

0.002 

60.554 ± 

6.863 

1.546 ± 

0.127 

4.200 ± 

0.678 

CHI-GEL/ALG/CHI-GEL 

(Control A) 

0.074 ± 

0.003 

104.520 ± 

5.900 

1.578 ± 

0.407 

16.148 ± 

6.952 

CHI-GEL/ALG-CS/CHI-GEL 

2h GAX 

0.053 ± 

0.001 

81.213 ± 

19.702 

1.780 ± 

0.450 

7.983  ± 

3.530 

CHI-GEL/ALG/CHI-GEL 

2h GAX 

0.053 ± 

0.006 

129.433 ± 

41.685 

1.927 ± 

0.437 

8.340 ± 

2.945 

CHI-GEL/ALG-CS/CHI-GEL 

10h GAX 

0.069 ± 

0.003 

39.563 ± 

23.619 

1.197 ± 

0.159 

8.223 ± 

2.032 

CHI-GEL/ ALG/CHI-GEL 

10h GAX 

0.058 ± 

0.003 

69.420 ± 

5.275 

1.275 ± 

0.106 

11.590 ± 

2.079 

CHI-GEL/ALG-CS/CHI-GEL 

24h GAX 

0.071 ± 

0.006 

72.675 ± 

4.746 

1.828 ± 

0.220 

4.925 ± 

0.670 

CHI-GEL/ALG/CHI-GEL 

24hGAX 

0.079 ± 

0.005 

97.597 ± 

7.635 

1.347 ± 

0.045 

20.033 ± 

7.769 
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Figure 3.22. Graph showing TS (MPa) obtained for the films CHI-GEL/ALG-CS/CHI-

GEL (A) and CHI-GEL/ALG/CHI-GEL (Control A) both GAX and not crosslinked. 

Control groups are CS free 

 

 

A Control A
0

20

40

60

80

100

120

140

160

180

T
S

 (
M

P
a
)

 A TS (MPa)

 A 2h   GAX TS (MPa)

 A 10h GAX TS (MPa)

 A 24h GAX TS (MPa)



 86   

 

              

Figure 3.23. Graph showing YM (GPa) obtained for the films CHI-GEL/ALG-

CS/CHI-GEL (A) and CHI-GEL/ALG/CHI-GEL (Control A) both GAX and not 

crosslinked. Control groups are CS free 
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Figure 3.24. Graph showing the strain (%) obtained for the films CHI-GEL/ALG-

CS/CHI-GEL (A) and CHI-GEL/ALG/CHI-GEL (Control A) both GAX and not 

crosslinked. Control groups are CS free 
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2003). The results show consistency with our results. Since CS has a drastically smaller 

molecular weight when compared to the polymers, CS interaction with polymers 

occured to decrease TS and strain percent.   

 

The other thing can be drawn from the results is the drastic increase of TS (Table 3.2.) 

for all of the prepared films when compared to the neat films (7.84 MPa for GEL, 

17.34 MPa for CHI and 35.0 MPa for ALG). This means that strong interactions 

occurred in between CHI, GEL and ALG so that the flexibility of the films was 

decreased.  

According to a recent study, GA crosslinking of the films containing CHI and GEL 

improved the mechanical ability of the films (increase TS, decrease E). The best result 

was obtained for 12 hours GA crosslinking (Tsai et. al., 2015). However, not a general 

trend was observed for our results. Still a general increase in TS (most abrupt for 2h 

GAX) and strain % values with GA crosslinking is pronounced for all of films, 

meaning an increase in mechanical properties.  

The results obtained were the opposite of the results obtained from the films containing 

GEL, since GEL presence in the films decrease TS and strain % due to the increased 

fragilility of GEL upon drying (Thu et. al., 2013). 

Another result can be drawn from the comparision of GEL containing and not 

containing films is that the decrease or increase in TS and strain percent values are 

more pronounced when films contain GEL. This may be due to the small interaction of 

GEL with CS through amine groups since CS was not interacted with neither CHI nor 

ALG.  
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3.5. Release Studies 

For release studies, two type of films produced by casting method were studied. Films 

were designated as CHI/ALG-CS/CHI and CHI-GEL/ALG-CS/CHI-GEL. CHI/ALG-

CS/CHI film was prepared by using CHI as the first layer, CS loaded ALG as the 

second layer and CHI as the last layer again. CHI-GEL/ALG-CS/CHI-GEL film was 

prepared by using CHI-GEL blend solution as the first layer, CS loaded ALG as the 

middle layer and CHI-GEL polymer blend as the upper layer. All the below studies 

were conducted with these 3-layered systems. Ceftriaxone sodium was chosen as a 

model antibiotics and its release kinetic was studied. 

 

3.5.1. CS Release from Scaffolds 

Controlled release is defined as drug delivery at a predetermined rate for an extended 

period of time, usually 12 hours or longer. Therefore, controlled release has been a 

centerpiece since its discovery of about 35 years ago. Particularly, polymer-based 

systems have the most dominated research in release systems due to their ease of 

synthesis, functionalization, blendability and appropriate cost (Chuang, 2008).  

Chitosan, gelatin and alginate were frequently used in controlled drug delivery systems 

in many forms (Gao et. al., 2011; Baysal et. al., 2013). In this study, 2 different types 

of films were produced by casting method by using CHI, GEL and ALG as polymeric 

materials. A unique advantage to the use of LbL assembly is its ability to incorporate 

drugs in high concentrations within a multilayer thin film (Hammond, 2012). In all of 

the prepared films, ALG was the middle layer and CS was loaded in ALG layer. The 

concentration of each polymer was 1% (w/v) in each layer and the CS amount was 

adjusted so that there would be 0.5 mg ceftriaxone sodium per cm
2 

of the film.  

Ceftriaxone sodium was chosen as model antibiotic for release studies. Ceftriaxone 

sodium (CS) chemically known as 5-thia-1-azabicyclo [4.2.0]-oct-2-ene-2- 

carboxylicacid-7- [[(2-amino-4-thiazolyl) (methoxyimino) acetyl] amino] -8-oxo-3- 

(1,2,5,6 -tetrahydro -2- methyl -5,6-dioxo-1,2,4 -triazin -3-yl) thio] methyl] diazonium 
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salt, is a third generation cephalosporin used in the management of mild to moderate 

infections caused due to susceptible microorganism (Martindale, 1989)..Some 

researches (Lakshmi et. al., 2009 and Darainaj et. al., 2010) studied the UV absorption 

of CS.  

 

In this study, CS release of polymeric films, either crosslinked under 25% (v/v) 

glutaraldehyde (GA) vapor for a predetermined time or remain not crosslinked was 

monitored by UV-Vis Spectrometer. CS gives UV absorbance maximum at wavelength 

of 300 nm. Therefore, results were taken at 300 nm wavelength. CS loaded 2cmx1cm 

films of thicknesses of 73 ± 0.3 µm were put in pH 5.5, pH 7.4 or pH 10.0 (phosphate 

buffered saline) PBS solution for a predetermined time and the amount of CS released 

to PBS solution was determined by UV- Vis spectrometer. Films in PBS solutions were 

kept at 37
0
C. PBS solution was refreshed after each measurement. Films that were not 

drug loaded were also kept at similar conditions and the solutions were used as control 

blanks for UV absorption studies. The amount of CS released was calculated by using 

CS calibration graph line equation. Figure 3.25. shows the amount of CS released from 

CHI/ALG-CS/CHI film incubated in pH 5.5 PBS solution at 37
0
C.  
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Figure 3.25. Graph showing the amount of CS released vs time in pH 5.5 PBS 

solution. CHI/ALG-CS/CHI is denoted as B 

   

As can be seen clearly from Figure 3.25., although the initial CS release was higher for 

uncrosslinked film, after 24 hours, the CS release of uncrosslinked and crosslinked 

films become comparable, about 40 µg and 35 µg were obtained for uncrosslinked and 

crosslinked films, respectively. The initial loaded CS amount was 0.5 mg/cm
2
 for a 

film. This will make 1000 µg of CS per 2cm
2
 of film. This was the area of incubated 

films. Therefore, it can be easily seen from the results that the CHI holds CS by 

covalent interaction through CHI amine groups and CS carboxyl groups avoid the 

antibiotic release from the film. So, crosslinking made no difference in CS release of 

the films. 

Release kinetics of CHI/ALG-CS/CHI film was also investigated by incubation at pH 

7.4 PBS buffer also. Figure 3.26. shows the amount of CS released from CHI/ALG-

CS/CHI film incubated in pH 7.4 PBS solution at 37
0
C.  

 

0 10 20 30 40 50 60 70 80

0

10

20

30

40

50

C
S

 r
e
le

a
s
e
d
 (


g
)

time (h)

 B in pH 5.5 PBS Buffer Not Crosslinked

 B in pH 5.5 PBS Buffer 24h 25% GA Crosslinked



 92   

 

 

 

Figure 3.26. Graph showing the amount of CS released vs time in pH 7.4 PBS 

solution. CHI/ALG-CS/CHI is denoted as B 

 

When Figure 3.26. was examined, it can be seen that the CS release kinetics follows the 
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uncrosslinked and crosslinked films. CHI crosslinking with CS is still pronounced. 
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Figure 3.27. Graph showing the amount of CS released vs time in pH 10.0 PBS 

solution. CHI/ALG-CS/CHI is denoted as B 

 

When the results are examined in Figure 3.27., it can be seen that the CHI crosslinking 

with CS is still pronounced, preventing the release of antibiotic. However, the CS 

release kinetic is different for pH 10.0 incubation case. This time GA crosslinking 

made some difference. Released CS after a time of 24 hour is about 38 µg for 

uncrossinked films, and 23 µg for crosslinked films.  

Figure 3.28. shows the comparision of amount of CS released from uncrosslinked B 

films incubated in pH 5.5, pH 7.4 and pH 10.0 PBS Buffer. Amount of CS released was 

40 µg for uncrosslinked films incubated in pH 5.5 PBS solution. This value is 31 µg for 

pH 7.4 PBS incubated noncrosslinked films and 23 µg for pH 10.0 PBS incubated films 

in 24h of time. Increase in basicity of PBS solution results in a decrease in amount of 

CS released. This may be due to the neutralization of the carboxyl groups of CS at 

basic media, binding and losing some of its bacterial activity (Durairaj et. al., 2010).  
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Figure 3.28. Comparision of CS released from uncrosslinked B films incubated in pH 

5.5, pH 7.4 and pH 10.0 PBS Buffer 

  

When Figure 3.29. is examined, it can easily be seen that the same trend was repeated 

for 24h GA crosslinked films. The highest amount of CS release was observed for films 

in pH 5.5 PBS solution with 35 µg release in 24h of time. There was a decreasing trend 

in CS release upon increase in pH, the released CS amounts were 30 µg for pH 7.4 and 

23 µg for pH 5.5 PBS solutions used. This may again due to the interactions between 

CS and CHI under high pH conditions. At high pH, CHI dissolution from the films may 

occurred, covalently bonded to CS carboxyl groups through its amine groups, 

decreasing CS release rate. 
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Figure 3.29. Comparision of CS released from 24h 25% GA crosslinked B films 

incubated in pH 5.5, pH 7.4 and pH 10.0 PBS Buffer 

 

Now, release studies for the second type of film prepared were repeated under exactly 

the same conditions, the prepared film is designated as CHI-GEL/ALG-CS/CHI-GEL. 
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10.0. PBS solution was renewed after each measurement. Figure 3.30. shows the 

amount of CS released from CHI-GEL/ALG-CS/CHI-GEL film incubated in pH 5.5 

PBS solution at 37
0
C. Total CS in 2cmx1cm area of the incubated films were 1000 µg 

for each case. 
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Figure 3.30. Graph showing the amount of CS released vs time in pH 5.5 PBS 

solution. CHI-GEL/ALG-CS/CHI-GEL is denoted as A 

 

In the figures, 2h, 10h and 24h GA crosslinked films were denoted as 2h 25% GAX, 

10h 25% GAX and 24h 25% GAX. 

As Figure 3.30. clearly shows, GA crosslinking had a huge impact on CS release. 

Independent of the crosslinking time (2h, 10h or 24h), GA drastically suppress the 

release of CS. This behavior may be due to the immediate crosslinking of GA with CS, 

preventing the antibiotic from the initial burst release. CS amount released in 24h drops 

from 887.4 µg to 64 µg for 2h GAX, 59 µg for 10h GAX and  36 µg for 24h GAX.  

The release of CS in PBS solutions of different pH values was also investigated. Figure 

3.31. shows the amount of CS released from CHI-GEL/ALG-CS/CHI-GEL film 

incubated in pH 7.4 (physiological pH) PBS solution at 37
0
C.  
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Figure 3.31. Graph showing the amount of CS released vs time in pH 7.4 PBS 

solution. CHI-GEL/ALG-CS/CHI-GEL is denoted as A 

 

As can be seen clearly on Figure 3.31., there is a significant release difference in 

between the uncrosslinked and GA crosslinked films with 482 µg CS released for 

uncrosslinked films in 24h of time and 40 µg CS for 24h GAX films again in 24h of 

time. Total CS amount in the incubated films were 1000 µg.  
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CS release kinetics was also investigated under basic conditions, at pH 10.0. Figure 

3.32. shows the amount of CS released from CHI-GEL/ALG-CS/CHI-GEL films 

incubated in pH 10.0 PBS solution at 37
0
C.  

 

 

Figure 3.32. Graph showing the amount of CS released vs time in pH 10.0 PBS 

solution. CHI-GEL/ALG-CS/CHI-GEL is denoted as A 

 

The release profile of CS is different when incubated at pH 10.0 PBS solution. Now, 

the CS release is comparable for the uncrosslinked and GA crosslinked films. In both 

films, the release of CS was low and reached to plateau region in about 20 hours where 

the level was about 70 µg CS. 

When compared, the release kinetics of CS from uncrosslinked CHI-GEL/ALG-

CS/CHI-GEL film incubated in pH 5.5, pH 7.4 and pH 10.0 PBS solutions show drastic 

differences. CS was released most readily and fast when pH 5.5 PBS solution was used 

as release solution. Nearly 900 µg CS was released under 24 hour incubation. When it 
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comes to the examination of release kinetics of CS incubated in pH 7.4 PBS solution, it 

can be easily seen that about 500 µg of CS was released in 24 hour of time. The 

situation is different for the release kinetics of CS incubated in pH 10.0 PBS solution. 

This time, only about 70 µg of CS was released in 24 hours. Total CS in incubated 

films was 1000 µg in each case for 2cmx1cm films. Other conclusion can be drawn 

from the release graphs is the initial burst release of CS, independent from the pH of 

used PBS solution for incubation. Figure 3.33. shows these conclusions clearly.    

 

Figure 3.33. Comparision of CS released from uncrosslinked A films incubated in pH 

5.5, pH 7.4 and pH 10.0 PBS Buffer 

 

The results show consistency with the findings of Pica and his coworkers. They studied 

the release kinetic of ciprofloxacin hydrochloride form the films of GEL-ALG. They 

found the pH and ionic strength dependency of ciprofloxacin hydrochloride release 

from the gel films. The drug release rate was speeded up by higher ionic strengths, 

which was initially slower when the pH of the dissolution medium was pH 7.4, 
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compared to pH 3.6. The component ratio of alginate and gelatin, the amount of 

ciprofloxacin hydrochloride loaded in the gel films, the thickness of the drug-loaded 

films andthe cross-linking time with Ca
2+ 

are the other factors playing an important role 

in drug release (Pica et. al., 2006). 

As a last finding, the release kinetics of CS from 24h GA crosslinked CHI-GEL/ALG-

CS/CHI-GEL film incubated in pH 5.5, pH 7.4 and pH 10.0 PBS solutions show 

different tendency from the results found for CHI/ALG-CS/CHI films. In fact, release 

kinetics just showed the reverse trend. Now, the released CS amount when pH 10.0 

PBS solution was used as release solution is the highest, with 70 µg in 24 h of time. CS 

incubated in pH 7.4 PBS solution comes after pH 10.0, with about 40 µg of CS release 

in 24 hour of time. Hovewer, for the films incubated in pH 5.5 PBS solution, only 

about 23 µg of CS was released in 24 hours. Total CS in incubated films was 1000 µg 

in each case for 2cmx1cm films. The reverse trend in CS release may be attributed to 

the GEL presence, preventing CHI and CS bonding by stabilizing the film, making it 

stronger and holding the LbL film more together. Mechanical test results also prove 

this fact. Figure 3.34. shows these conclusions clearly. 
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Figure 3.34. Comparision of CS released from 24h 25% GA crosslinked A films 

incubated in pH 5.5, pH 7.4 and pH 10.0 PBS Buffer 

 

3.6. Antibacterial Effect of the Crosslinked Films  

In order to investigate the antibacterial effect of released ceftriaxone sodium from the 

crosslinked films of chosen type, disk diffusion method was used. For the analysis, pH 

5.5 PBS solutions including the released CS from the 2h GA crosslinked films of CHI-

GEL/ALG-CS/CHI-GEL and 10h GA crosslinked CHI-GEL/ALG-CS/CHI-GEL were 

placed on agar plate. pH 5.5 PBS solutions gathered from the no drug containing films, 

namely 2h GA crosslinked CHI-GEL/ALG/CHI-GEL and 10h GA crosslinked CHI-

GEL/ALG/CHI-GEL were used as control groups. Upon incubation at 37°C for 24 h 

inhibition zones showing the antibiotic activity against E.coli were observed. PBS 

solutions were filtered before incubation..The inhibitory activity was measured based 

on the clear zone or the hole that contains the film forming solution (Pereda, et. al., 

2011). 
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As shown in Figure 3.35., all CS loaded films has antimicrobial efficancy and retained 

this property even upon GA crosslinking for 2h (A) and 10h (C). Letters B and D 

designated for the 2h (B) and 10h (D) GA crosslinked control films containing no drug 

in it. In literature, one study concerning the chitosan in properly designed nanosized 

formulations loaded with ceftriaxone has demonstrated potential as a safe delivery 

system for targeting Salmonella-infected cells. The antibacterial effect was 

significantly improved compared with CS solution in both cell lines used (Zaki and 

hafez, 2012)..Some researchers show that chitosan has an intrinsic antimicrobial 

activity against E. coli due to its polycationic nature through interaction with anionic 

components of cell surface proteins of microorganisms. During film preparation 

chitosan was neutralized, therefore, did not form any inhibition zone on agar plate..In 

literature, it was shown that neither CHI nor GEL in their blended form has a 

significant activity against E. coli (Coma et al., 2002; Pranoto et al., 2005)..Therefore, 

this means that all the antimicrobial activity is due to the released ceftriaxone sodium 

loaded in the films. Another thing can be extracted from these results is the efficient 

release of CS from the films, even upon GA crosslinking. From these results. it was 

concluded that ceftriaxone sodium was released from prepared films and exhibited its 

antibacterial effect even under glutaraldehyde crosslinking. 
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Figure 3.35. Photograph of E.coli spreaded agar plate after incubation at 37°C for 24 h; 

(A) 2h GAX CHI-GEL/ALG-CS/CHI-GEL, (B) 2h GAX CHI-GEL/ALG/CHI-GEL, 

(C) 10h GAX CHI-GEL/ALG-CS/CHI-GEL, (D) 10h GAX CHI-GEL/ALG /CHI-GEL 

and (E) CS dissolved in distilled water 
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CHAPTER 4 

4. CONCLUSION 

 

 

Restoration and reconstruction of bone tissue is a complex procedure and should be 

managed carefully. Conventional clinical approaches lack the needed ability to meet the 

necessary requirements. Consequently, bone tissue engineering has gained popularity as a 

multidisciplinary field that provides the production of well-designed systems that would 

meet the necessary requirements of healing and reconstruction of fractured bone site. 

Recently increased use of biocompatible and natural polyelectrolytes for designing LbL 

architectures expanded the field more in biomedical applications. Although there were 

various studies conducted for biomedical purposes, using chitosan and alginate as 

polyelectrolytes, still there is no detailed research presenting chitosan and alginate LbL 

films for possible biomedical applications. There is still no research conducted 

regarding the effect of some parameters for optimal film formation for chitosan and 

alginate architectures and no research was conducted aiming to incorporate calcium 

phosphates (mimicking inorganic phase of bone).  

In this study, multilayered nanocomposites were produced in LbL 2D film form by 

using chitosan (CHI) and alginate (ALG) as interacting polymers and calcium 

phosphates were formed on the layers. Films were formed by using different 

parameters, namely solution pH, salt concentration and alternation of polymers upon 

first and last layer. Optimum film formation condition was examined by ellipsometer 

measurements. Morphology and elemental characterization of surface were conducted 

by SEM and TOF-SIMS analysis. The produced films were tested for their triggering of 

Saos-2 cell attachment. The results show that the optimum polyelectrolyte solution pH 

for film formation is pH 3.0 for CHI and pH 3.5 for ALG. The best layer-by-layer film 
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growths were achieved when two polyelectrolytes were both prepared in pH adjusted 

deionized water and both prepared in 0.1M of their corresponding salt solution: 

calcium nitrate for chitosan and sodium phosphate for alginate. Different types of films 

were also produced by using either CHI or ALG as the first and the last layer.  SEM 

and TOF-SIMS results showed the calcium occurrence on (CHI/ALG)7CHI and 

(ALG/CHI)7ALG films. The possible Saos-2 cell attachment and growth on the films 

(CHI/ALG)7CHI and (ALG/CHI)7ALG prepared both in pH adjusted deionized water 

and in their 0.1M corresponding salt solutions were also tested and the results showed 

that the maximum cell attachment, growth and proliferation was occurred for 

(ALG/CHI)7ALG film prepared in pH adjusted deionized water solutions. 

As a result, a fundamental comprehensive study concerning the effect of various 

parameters upon CHI and ALG multilayered film formation was effectively conducted. 

Also this part of the study implies the possibility of calcium phosphate incorporation in 

between the layers and the effective cell growth on (ALG/CHI)7ALG prepared both in 

pH adjusted deionized water type of film. Concerning all facts, these features open a 

new broad window for the effectivity of LbL systems for bone tissue engineering 

purposes.    

In the second part of the study, CHI-GEL/ALG-CS/CHI-GEL and CHI/ALG-CS/CHI 

films were produced by using GEL as a supplementary polymer to see its effect on the 

mechanical properties and CS release kinetics of the prepared films. The mechanical 

properties of both GA crosslinked and not crosslinked CHI-GEL/ALG-CS/CHI-GEL 

and CHI/ALG-CS/CHI films were investigated.   

In addition, films were functionalized through incorporation of a bioactive agent 

(ceftriaxone sodium) that is known to enhance biological functioning of the constructs. 

In the treatment of bone tissue, it is well documented that the antibiotics is crucially 

effective by preventing infections. The release kinetics of ceftriaxone sodium (CS) 

from the films CHI-GEL/ALG-CS/CHI-GEL and CHI/ALG-CS/CHI incubated at 37
0
C 

in pH 5.5, 7.4 and 10.0 PBS solution films for both GA crosslinked and not crosslinked 
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conditions were investigated. The antimicrobial efficiency tests of the films were also 

conducted.  

 

As a result, the CS loading and release from the glutaraldehyde crosslinked and not 

crosslinked films were successfully achieved under three different pH conditions of pH 

5.5, 7.4 and 10.0 with the most effective release under pH 5.5 condition. Results show 

the potential capability of the films to be used for pH controlled antibiotic release 

studies. GA crosslink made the films more stronger and more resistant for antibiotic 

delivery. Gelatin presence decrease both TS and strain % of the films. The presence of 

CS in the films decreases TS. Decrease in TS can be attributed to the decrease in 

flexibility of the films. Also, the antimicrobial test results revealed the capability of the 

films to be used as delivery agents for this bioactive molecule, CS, since it prevents the 

proliferation of E. coli in a definite area. 

 

 

 

 

 

 

 

 

 



 108   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 109   

 

REFERENCES 

 

Agarwal, A., Lvov, Y., Sawant, R., & Torchilin, V. (2008). Stable nanocolloids of 

poorly soluble drugs with high drug content prepared using the combination of 

sonication and layer-by-layer technology. J. Control. Release, 128(3), 255-260. 

Alegrado, K. (2014, 09 19). The Gummy Bear Digital Laboratory Report Format. 

Retrieved from http://gummbearlab.blogspot.com.tr/. 

Ali, S. W., Rajendran, S., & Joshi, M. (2010). Effect of Process Parameters on Layer-

by-layer Self-assembly of Polyelectrolytes on Cotton Substrate. Polymers & 

Polymer Composites, 18(5), 236-245. 

Altay, G. (2011). Free standing layer-by-layer films of PEI and PLL for potential use 

in Corneal Stroma Engineering. Ankara: METU. 

Amri, A., Jiang, Z. T., Wyatt, N., Yin, C. Y., Mondinos, N., Pryor, T., & Rahman, M. 

M. (2014). Optical properties and thermal durability of copper cobalt oxide thin 

film coatings with integrated silica antireflection layer. Ceramics International, 

40, 16569-16575. 

Anchan, R. M., Guven, S., Lindsey, J., Nickerson, M., Chinthala, S., Gerami-Naini, B., 

& Demirci, U. (2014). Maintenance of functional embryoid bodies in 

cryopreservable, microfluidic chips: a platform for personalized medicine. 

Fertility and Sterility, 102(3), 245-246. 

Ariani, M. D., Matsuura, A., Hirata, I., Kubo, T., Kato, K., & Akagawa, Y. (2013). 

New development of carbonate apatite–chitosan scaffold based on 

lyophilization technique for bone tissue engineering. Dental Materials Journal, 

32(2), 317-325. 



 110   

 

Augst, A. D., Kong, H. J., & Mooney, D. J. (2006). Alginate hydrogels as biomaterials. 

Macromolecular Bioscience, 6(8), 623-633. 

Basu, B., Katti, D., & Kumar, A. (2009). Advanced Biomaterials: Fundamentals, 

Processing and Applications. New Jersey, USA: John Wiley & Sons. 

Baysal, K., Aroguz, A. Z., Adiguzel, Z., & Baysal, B. M. (2013). Chitosan/alginate 

crosslinked hydrogels: Preparation, characterization and application for cell 

growth purposes. International Journal of Biological Macromolecules, 59, 342– 

348. 

Benkirane-Jessel , N., Lavalle, P., Meyer, F., Audouin, F., Frisch, B., Schaaf, P., . . . 

Voegel, J. C. (2004). Control of monocyte morphology on and response to 

model surfaces for implants equipped with anti-inflamatory agents. Advanced 

Materials, 16(17), 1507-1511. 

Bhalareo, U. M., Valiveti, A. K., Acharya, J., Halve, A. K., & Kaushik, M. P. (2015). 

Controlled release studies of antimalarial 1, 3, 3,5-trisubstituted-2-pyrazolines 

from biocompatible chitosan–heparin Layer-by-Layer (LbL) self assembled thin 

films. Colloids and Surfaces B: Biointerfaces, 125, 151–159. 

Bhumkar, D. R., & Pokharkar, V. B. (2006). Studies on Effect of pH on Cross-linking 

of Chitosan With Sodium Tripolyphosphate: A Technical Note. AAPS 

PharmSciTech, 7(2). 

Bhushan, K. G., Mukundhan, R., & Gupta, S. K. (2013). High resolution TOF - SIMS 

depth profiling of nano-film multilayers. AIP Conference Proceedings, 680, 

1512-1513. 

Blin, G., Lablack, N., Louis-Tisserand, M., Nicolas, C., Picart, C., & Puceat, M. 

(2010). Nano-scale control of cellular environment to drive embryonic stem 

cells selfrenewal and fate. Biomaterials, 31(7), 1742-1750. 



 111   

 

Bohnenberger, T., Rafailovic, L. D., Weilach, C., Hubmayr, D., & Schmid, U. (2014). 

Thin films from functionalized carbon nanotubes using the layer-by-layer 

technique. Thin Solid Films, 551, 68-73. 

Bormann, K. H., Suarez-Cunqueiro, M. M., Sinikovic, B., Kampmann, A., von See, C., 

Tavassol, F., . . . Rücker, M. (2012). "Dentin as a suitable bone substitute 

comparable to ß-TCP-an experimental study in mice". Microvascular Research, 

84(2), 116-122. 

Boudou, T., Yamanlar, S., Sant, S., Picart, C., & Khademhosseini, A. (2011). "Surface 

functionalization of hyaluronic acid hydrogels by polyelectrolyte multilayer 

films". Biomaterials, 32(24), 5590–5599. 

Brekke, J. H., & Gubbe, J. H. (2004, May 6). Device and methods for sequential, 

regional delivery of multiple cytotoxic agents and directed assembly of wound 

repair tissues. 2004-2008. 

Brem, H., & Gabikian, P. (2001). Biodegradable polymer implants to treat brain 

tumors. Journal of Contolled Release, 74(1-3), 63-67. 

Bucatariu, F., Ghiorghita, C. A., & Dragan, E. S. (2015). Sorption and release of drugs 

in/from cross-linked poly(ethyleneimine) multilayer films deposited onto silica 

microparticles. Colloids and Surfaces B: Biointerfaces, 126, 224-231. 

Budiraharjo, R., Neoh, K. G., KAn, E. T., & Kishen, A. (2010). Bioactivity of novel 

carboxymethyl chitosan scaffold incorporating MTA in a tooth model. 

International Endodontic Journal, 43(10), 930-939. 

Budiraharjo, R., Neoh, K. G., Kang, E. T., & Kishen, A. (2010). Bioactivity of novel 

carboxymethyl chitosan scaffold incorporating MTA in a tooth model. 

International Endodontic Journal, 43(10), 930-939. 



 112   

 

Buron, C. C., & Filiatre, C. (2014). Overshoots of adsorption kinetics during layer-by-

layer polyelectrolyte film growth: Role of counterions. Journal of Colloid and 

Interface Science, 413, 147-153. 

Carneiro-da-Cunha, M. G., Cerqueira, M. A., Souza, B. W., Carvalho, S., Quintas, M. 

A., Teixeira, J. A., & Vicente, A. A. (2010). Physical and thermal properties of 

a chitosan/alginate nanolayered PET film. Carbohydrate Polymers, 82, 153–

159. 

Chen, B. J., Yin, Y. S., & Ling, Y. C. (2008). ToF-SIMS study of growth behavior in 

all-nanoparticle multilayer films using a novel indication layer. Applied Surface 

Science, 255, 977-980. 

Chen, X., Li, Q. W., & Wang, X. M. (2014). Gold nanostructures for bioimaging, drug 

delivery and therapeutics. Precious Metals for Biomedical Applications, 163-

176. 

Cheng, D., Liu, X., Wu, J., & Yu, W. (2013). Controlled release of methylene blue 

from polyelectrolyte multilayer films. Journal of Controlled Release, 172, 14-

97. 

Cheung, J. H., Stockton, W. B., & Rubner, M. F. (1997). Molecular-level processing of 

conjugated polymers. 3. Layer-by-layer manipulation of polyaniline via 

electrostatic interactions. Macromolecules, 30(9), 2712-2716. 

Chuang, H. F. (2008). Polyelectrolyte multilayers for tunable release of antibiotics and 

other therapeutics. Massachusetts: Massachusetts Institute of Technology. 

Coma, V., Martial-Gros, A., Garreou, S., Copinet, A., & Deschamps, A. (2002). Edible 

antimicrobial films based on chitosan matrix. Journal of Food Science, 67, 

1162-1169. 

Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). (2006). IUPAC. 



 113   

 

Cong, J., Chen, Y., Luo, J., & Liu, X. (2014). Fabrication of graphene/polyaniline 

composite multilayer films by electrostatic layer-by-layer assembly. Journal of 

Solid State Chemistry, 218, 171-177. 

(2015). Controlled Drug Delivery. Elsevier. 

Costa, R. R., & Mano, J. F. (2014). Polyelectrolyte multilayered assemblies in 

biomedical technologies. Chem. Soc. Rev., 43, 3453-3479. 

Costa-Pinto, A. R., Reis, R. L., & Neves, N. M. (2011). Scaffolds based bone tissue 

engineering: The role of chitosan. Tissue Engineering - Part B: Reviews, 17(5), 

331-347. 

Croisier, F., & Jerome, C. (2013). Chitosan-based biomaterials for tissue engineering. 

European Polymer Journal, 49, 780-792. 

Croll, T. I., O’Connor, A. J., Stevens, G. W., & Cooper-White, J. J. (2006). A blank 

slate? Layer-by-layer deposition of hyaluronic acid and chitosan onto various 

surfaces. Biomacromolecules, 7(5), 1610-1622. 

Crouzier, T., Ren, K., Nicolas, C., Roy, C., & Picart, C. (2009). Layer-by-layer films as 

a biomimetic reservoir rhBMP-2 delivery: controlled differentiation of 

myoblasts to osteoblasts. Small, 5(5), 598-608. 

Crouzier, T., Szarpak, A., Boudou, T., Auzely-Velty, R., & Picart, C. (2010). 

Polysaccharide-blend multilayers containing hyaluronan and heparin as a 

delivery system for rhBMP-2. Small, 6(5), 651-662. 

Dash, M., Chiellini, F., Ottenbrite , R. M., & Chiellini , E. (2011). Chitosan-a versatile 

semi-synthetic polymer in biomedical applications. Prog Polym Sci, 36, 981-

1014. 

De La Riva, B., Nowak, C., Sánchez, E., Hernández, A., Schulz-Siegmund, M., Pec, M. 

K., . . . Évora, C. (2009). VEGF-controlled release within a bone defect from 



 114   

 

alginate/chitosan/PLA-H scaffolds. European Journal of Pharmaceutics and 

Biopharmaceutics, 73(1), 50-58. 

de Villiers, M. M., Otto, D. P., Strydom, S. J., & Lvov, Y. M. (2011). Introduction to 

nanocoatings produced by layer-by-layer (LbL) self-assembly. Adv. Drug Deliv. 

Rev., 63(9), 701-715. 

Degarmo, B., & Kohser, B. (2003). 31-32. 

Delcorte, A., Bertrand, P., Arys, X., Jonas, A., Wischerhoff, E., Mayer, B., & 

Laschewsky, A. (1996). ToF-SIMS study of alternate polyelectrolyte thin films: 

Chemical surface characterization and molecular secondary ions sampling 

depth. Surface Science, 366, 149-165. 

DeLongchamp, D. M., & Hammond, P. T. (2004). Highly Ion Conductive 

Poly(ethylene oxide)-based Solid Polymer Electrolytes from Hydrogen Bonded 

Layer-by-Layer Assembly. Langmuir, 20, 5403-5411. 

Deshmukh, P. K., Ramani, K. P., Singh, S. S., Tekade, A. R., Chatap, V. K., PAtil, G. 

B., & Bari, S. B. (2013). Stimuli-sensitive layer-by-layer (LbL) self-assembly 

systems: Targeting and biosensory applications. Journal of Controlled Release, 

166, 294-306. 

Destri, E., & Dubas, S. T. (2014). Layer-by-layer deposition of cationic and anionic 

carbon nanotubes into thin films with improved electrical properties. Colloids 

and Surfaces A: Physicochemical and Engineering Aspects, 444, 89-94. 

Detzel, C. J., Larkin, A. L., & Rajagopalan, P. (2011). Polyelectrolyte Multilayers in 

Tissue Engineering. TISSUE ENGINEERING: Part B, 17(2), 101-113. 

Dimitrova, M., Affolter, C., Meyer, F., Nguyen, I., Richard, D. G., Schuster, C., . . . 

Baumert, T. F. (2008). Sustained delivery of siRNAs targeting viral infection by 

cell-degradable multilayered polyelectrolyte films. Proc Natl Acad Sci USA, 

105(42), 16320-16325. 



 115   

 

Dong, Z., Wang, Q., & Du, Y. (2006). Alginate/gelatin blend films and their properties 

for controlled drug release. Journal of Membrane Science, 280, 37-44. 

Du, H., Yang, X., & Zhai, G. (2014). Design of chitosan-based nanoformulations for 

efficient intracellular release of active compounds. Nanomedicine, 9, 723-740. 

Dubas, S. T., & Schlenoff, J. B. (1999). Factors controlling the growth of 

polyelectrolyte multilayers . Macromolecules, 32, 8153-8160. 

Durairaj, S., Annadurai, T., & Palani, B. (2010). Simultaneous Estimation of 

Ceftriaxone Sodium and Sulbactam Sodium Using Multi-Component Mode of 

Analysis. Int.J. ChemTech, 2(4), 2177-2181. 

Eiselt, P., Lee, K. Y., & Mooney, D. J. (1999). Rigidity of two-component hydrogels 

prepared from alginate and poly(ethylene glycol)-diamines. Macromolecules, 

32(17), 5561-5566. 

Erol, M. M., Mouriňo, V., Newby, P., Chatzistavrou, X., Roether, J. A., Hupa, L., & 

Boccaccini, A. R. (2012). Copper-releasing, boron-containing bioactive glass-

based scaffolds coated with alginate for bone tissue engineering. Acta 

Biomaterialia, 8(2), 792-801. 

Erol, M., Du, H., & Sukhishvili, S. A. (2006). Control of specific attachment of 

proteins by adsorption of polymer layers. Langmuir, 22(26), 11329-11336. 

Fan, Y. F., Wang, Y. N., Fan, Y. G., & Ma, J. B. (2006). Preparation of insulin 

nanoparticles and their encapsulation with biodegradable polyelectrolytes via 

the layer-by-layer adsorption. Int. J. Pharm., 324(2), 158-167. 

Fernandez-Yague, M. A., Abbah, S. A., McNamara, L., Zeugolis, D. I., Pandit, A., & 

Biggs, M. J. (2014). Biomimetic approaches in bone tissue engineering: 

Integrating biological and physicomechanical strategies. Advanced Drug 

Delivery Reviews. 



 116   

 

Florczyk, S. J., Kim, D. J., Wood, D. L., & Zhang, M. (2011). Influence of processing 

parameters on pore structure of 3D porous chitosan-alginate polyelectrolyte 

complex scaffolds. Journal of Biomedical Materials Research - Part A, 98 A(4), 

614-620. 

Florczyk, S. J., Leung, M., Li, Z., & Huang, J. I. (2013). J. Biomed. Mater. Res., 

A(101), 2974-2983. 

Fukuda, J., Khademhosseini, A., Yeh, J., Eng, G., Cheng, J., Farokhzad, O. C., & 

Langer, R. (2006). Micropatterned cell co-cultures using layer-by-layer 

deposition of extracellular matrix components. Biomaterials, 27(8), 1479-1486. 

Galus, S., & Lenart, A. (2013). Development and characterization of composite edible 

films based on sodium alginate and pectin. Journal of Food Engineering, 115, 

459-465. 

Gao, C., Liu, X., Shen, J., & Mohwald, H. (2002). Spontaneous deposition of 

horseradish peroxidase into polyelectrolyte multilayer capsules to improve its 

activity and stability. Chem. Commun.(17), 1928-1929. 

Gao, P., Nie, X., Zou, M., Shi, Y., & Cheng, G. (2011). Recent advances in materials 

for extended-release antibiotic delivery system. The Journal of Antibiotics, 64, 

625-634. 

Gennadios, A. (2002). Soft gelatine capsules, Protein-based films and coatings. In A. 

Gennadios (Ed.), 1-41. 

Grayson, A. C., Voskerician, G., Lynn, A., Anderson, J. M., Cima, M. J., & Langer, R. 

(2004). Differential degradation rates in vivo and in vitro of biocompatible 

poly(lactic acid) and poly(glycolic acid) homo- and co-polymers for a 

polymeric drug-delivery microchip . Journal of Biomaterials Science. Polymer 

Edition, 15(10), 1281-1304. 



 117   

 

Haggag, S. S., Farag, A. M., & Abdelrafea, M. (2013). Spectral, thermal and optical–

electrical properties of the layer-by-layer deposited thin film of nano Zn(II)-8-

hydroxy-5-nitrosoquinolate complex. Spectrochimica Acta Part A: Molecular 

and Biomolecular Spectroscopy, 110, 14-19. 

Haidar, Z. S., Hamdy, R. C., & Tabrizian, M. (2010b). Biocompatibility and safety of a 

hybrid nanoparticulate OP-1 delivery system intramuscularly administered in 

rats. Biomaterials, 31, 2746-2747. 

Hajimirza, S., & Howell, J. R. (2014). Computational and experimental study of a 

multi-layer absorptivity enhanced thin film silicon solar cell. Journal of 

Quantitative Spectroscopy & Radiative Transfer, 143, 56–62. 

Hall, K. K., Gattás-Asfura, K. M., & Stabler, C. L. (2011). Microencapsulation of islets 

within alginate/poly(ethylene glycol) gels cross-linked via Staudinger ligation. 

Acta Biomaterialia, 7(2), 614-624. 

Hammond, P. T. (2012). Building biomedical materials layer-by-layer. 

MaterialsToday, 15(5), 196-206. 

Hayashi, K., Kubo, T., Doi, K., Tabata, Y., & Akagawa, Y. (2007). Development of 

new drug delivery system for implant bone augmentation using a basic 

fibroblast growth factor-gelatin hydrogel complex. Dent. Mater. J., 26(2), 170-

177. 

Hazra, M., Mandal, D. D., Mandal, T., Bhuniya, S., & Ghosh, M. (2015). Designing 

polymeric microparticulate drug delivery system for hydrophobic drug 

quercetin. Saudi Pharmaceutical Journal. 

Healey, J. H., Zimmerman, P. A., McDonell, J. M., & Lane, J. M. (1990). 

"Percutaneous bone marrow grafting of delayed union and nonunion in cancer 

patients". Clinical Orthopaedics and Related Research(256), 280-285. 



 118   

 

Hollinger, J. O., Einhorn, T. A., Doll, B., & Sfeir, T. (2005). Bone Tissue Engineering. 

Florida: CRC Press. 

Hu, S. H., Liu, T. Y., Tsai, C. H., & Chen, S. Y. (2007). Preparation and 

characterization of magnetic ferroscaffolds for tissue engineering. J. Magn. 

Magn. Mater., 310(2), 2871-2873. 

Huang, J., Shu, Q., Wang, L., Wu, H., Wang, A. Y., & Mao, H. (2015). Layer-by-layer 

assembled milk protein coated magnetic nanoparticle enabled oral drug delivery 

with high stability in stomach and enzyme-responsive release in small intestine. 

Biomaterials, 39, 105-113. 

Ikada, Y. (2006). Tissue Engineering: Fundamentals and Applications (Vol. first ed.). 

Academic Press. 

Iler, R. K. (1966). Multilayers of colloidal particles. J. Colloid Interface Sci, 21(6), 

569-594. 

Izumrudov, V., & Sukhishvili, S. A. (2003). Ionization-Controlled Stability of 

Polyelectrolyte Multilayers in Salt Solutions. Langmuir, 19, 5188. 

Jayant, R. D., McShane, M. J., & Srivastava, R. (2009). Polyelectrolyte-coated alginate 

microspheres as drug delivery carriers for dexamethasone release. Int J Pharm, 

403(1-2), 268-275. 

Jiang, L., Lu, Y., Liu, X., Tu, H., Zhang, J., Shi, X., . . . Du, Y. (2015). Layer-by-layer 

immobilization of quaternized carboxymethyl chitosan/organic rectorite and 

alginate onto nanofibrous mats and their antibacterial application. Carbohydrate 

Polymers, 121, 428-435. 

Jipa, I. M., Guzun, A. S., & Stroescu, M. (2012). Controlled release of sorbic acid from 

bacterial cellulose based mono and multilayer antimicrobial films. LWT - Food 

Science and Technology, 47, 400-406. 



 119   

 

Johansson, J. A., Halthur, T., Herranen, M., Soderberg, L., Elofsson, U., & Hilborn, J. 

(2005). Build-up of collagen and hyaluronic acid multilayers. 

Biomacromolecules, 6(3), 1353-1359. 

Kakade, S., Manicham, D. S., Handa, H., Mao, G., & Oupicky, D. (2009). Transfection 

activity of layer-by-layer plasmid DNA/poly (ethyleneimine) films deposited on 

PLGA microparticles. Int J Pharm, 365(1-2), 44-52. 

Katz, J., Mukherjee, N., Cobb, R. R., Bursac, P., & York-Ely, A. (2009). 

"Incorporation and immunogenicity of cleaned bovine bone in a sheep model". 

Journal of Biomaterials Applications, 24(2), 159-174. 

Kavoosi, G., Rahmatollahi, A., Dadfar, S. M., & Purfard, A. M. (2014). Effects of 

essential oil on the water binding capacity, physicomechanical properties, 

antioxidant and antibacterial activity of gelatin films. LWT - FOOD Science and 

Technology, 57, 556-561. 

Ke, B. B., Wan, L. S., Li, Y., Xu, M. Y., & Xu, Z. K. (2011). Selective layer-by-layer 

self assembly on patterned porous films modulated by cassie-wenzel transition. 

Phys Chem Chem Phys. 

Keller, S. W., Kim, H., & Mallouk, T. E. (1994). Layer-by-layer assembly of 

intercalation compounds and hetero structures on surfaces: toward molecular 

“beaker” epitaxy. J. Am. Chem. Soc., 116(19), 8817–8818. 

Khademhosseini, A., Suh, K. Y., Yung, J. M., Eng, G., Yeh, J., Levenberg, S., & 

Langer, R. (2004). Layer-by-layer deposition of hyaluronic acid and poly-L-

lysine for patterned cell co-cultures. Biomaterials, 25(17), 3583-3592. 

Khan, S. N., Cammisa Jr, F. P., Sandhu, H. S., Diwan, A. D., Girardi, F. P., & Lane, J. 

M. (2005). "The biology of bone grafting". The Journal of the American 

Academy of Orthopaedic Surgeons, 13(1), 77-86. 



 120   

 

Kharlampieva, E., & Sukhishvili, S. A. (2003). Ionization and pH stability of 

multilayers formed by self-assembly of weak polyelectrolytes. Langmuir, 19(4), 

1235-1243. 

Kharlampieva, E., Izumrudov, V. A., & Sukhishvili, S. A. (2007). Electrostatic layer-

by-layer self-assembly of poly(carboxybetaine)s: role of zwitterions in film 

growth. Macromolecules, 40(10), 3663-3668. 

Kharlampieva, E., Kozlovskaya, V., & Sukhishvili, S. A. (2009). Layer-by-layer 

hydrogen-bonded polymer films: from fundamentals to applications. Adv. 

Matter, 21(30), 3053-3065. 

Kim, B. S., Park, S. K., & Hammond, P. T. (2008). Hydrogen-bonding layer-by-layer-

assembled biodegradable polymeric micelles as drug delivery vehicles from 

surfaces. ACS Nano, 2(2), 386–392. 

Kolhe, P., & Kannan, R. M. (2003). Improvement in ductility of chitosan through 

blending and copolymerization with PEG: FTIR investigation of molecular 

interactions. Biomacromolecules, 4, 173-180. 

Kong, L., Gao, Y., Lu, G., Gong, Y., Zhao, N., & Zhang, X. (2006). A study on the 

bioactivity of chitosan/nano-hydroxyapatite composite scaffolds for bone tissue 

engineering. European Polymer Journal, 42(12), 3171-3179. 

Kotov, N. A. (1999). Layer-by-layer self-assembly: the contribution of hydrophobic 

interactions. Nanostruct Mater, 12(5-8), 789-796. 

Kovacevic, A. G., Petrovic, S., Bokic, B., Gakovic, B., Bokorov, M. T., Vasic, B., . . . 

Jelenkovic, B. M. (2015). Surface nanopatterning of Al/Ti multilayer thin films 

and Al single layer by a low-fluence UV femtosecond laser beam. Applied 

Surface Science, 326, 91-98. 



 121   

 

Kozlovskaya, V., Kharlampieva, E., Mansfield, M. L., & Sukhishvili, S. A. (2006). 

Poly(methacrylic acid) hydrogel films and capsules: response to ph and ionic 

strength, and encapsulation of macromolecules. Chem. Mater., 18(2), 328–336. 

Kozlovskaya, V., Ok, S., Sousa, A., Libera, M., & Sukhishvili, S. A. (2003). 

Hydrogen-bonded polymer capsules formed by layer-by-layer self-assembly. 

Macromolecules, 36(23), 8590-8592. 

Kumar, K. N., Ray, S. B., Nagaraja, V., & Raichur, A. M. (2009). Encapsulation and 

release of rifampicin using poly(vinyl pyrrolidone)-poly(methacrylic acid) 

polyelectrolyte capsules. Mater. Sci. Eng. , 29(8), 2508–2513. 

Lakshmi, K. S., Ilango, K., Nithya, M. N., Balaji, S., KibeVictor, D. W., & Sathish, K. 

V. (2009). Spectrophotometric Methods for the Estimation of Ceftriaxone 

Sodium in Vials. Int J Pharm Sci., 1(1), 22-25. 

Landis, W. J., Hodgnes, K. J., Arena, J., Song, M. J., & McEwen, B. F. (1996). 

"Structural relations between collagen and mineral in bone as determined by 

high voltage electron microscopic tomography". Microscopy Research and 

Technique(33), 192-202. 

Langer, R. (1993). Polymer-Controlled Drug Delivery Systems. Acc. Chem. Res., 26, 

537-542. 

Langer, R., & Vacanti, J. P. (1993). "Tissue engineering.". Science, 269, 920-926. 

Lawrence, B. D., Marchant, J. K., Pindrus, M. A., Omenetto, F. G., & Kaplan, D. L. 

(2009). Silk film biomaterials for cornea tissue engineering. Biomaterials(30), 

1299-1308. 

Lawrie, G., Keen, I., Drew, B., Temple, A. C., Rintoul, L., Fredericks, P., & Grondahl, 

L. (2007). Interactions between Alginate and Chitosan Biopolymers 

Characterized Using FTIR and XPS. Biomacromolecules, 8, 2533-2541. 



 122   

 

Lee, D. W., Yun, Y. P., Park, K., & Kim, S. E. (2012). Gentamicin and bone 

morphogenic protein-2 (BMP-2)-delivering heparinized-titanium implant with 

enhanced antibacterial activity and osteointegration. Bone, 50(4), 974-982. 

Lee, H., Hwang, H., Kim, Y., Jeon, H., & Kim, G. (2014). Physical and bioactive 

properties of multi-layered PCL/silica composite scaffolds for bone tissue 

regeneration. Chemical Engineering Journal, 250, 399-408. 

Lee, K. Y., Rowley, J. A., Eiselt, P., Moy, E. M., Bouhadir, K. H., & Mooney, D. J. 

(2000). Controlling mechanical and swelling properties of alginate hydrogels 

independently by cross-linker type and cross-linking density. Macromolecules, 

33(11), 4291-4294. 

Lee, L., Cavalieri, F., Johnston, A. P., & Caruso, F. (2010). Influence of salt 

concentration on the assembly of DNA multilayer films. Langmuir, 26, 3415-

3416. 

Lefaux, C. J., Zimberlin, J. A., Dobrynin, A. V., & Mather, P. T. (2004). 

Polyelectrolyte Spin Assembly: Influence of Ionic Strength on the Growth of 

Multilayered Thin Films. Journal of Polymer Science: Part B: Polymer Physics, 

42, 3654–3666. 

Levingstone, T. J., Matsiko, A., Dickson, G. R., O'Brien, F. J., & Gleeson, J. P. (2014). 

A biomimetic multi-layered collagen-based scaffold for osteochondral repair. 

Acta Biomaterialia, 10(5), 1996-2004. 

Levy, R., Nichols, M. A., & Miller, T. W. (1993). Encapsulated systems for controlled 

release and pest management. ACS Symposium Series, 520, 202-212. 

Li, Q. L., Huang, N., Chen, J., Wan, G., Zhao, A., Wang, J., . . . Leng, Y. (2009). 

Anticoagulant surface modification of titanium via layer-by-layer assembly of 

collagen and sulfated chitosan multilayers. J Biomed Mater Res A, 89(3), 575-

584. 



 123   

 

Li, W. M., Su, C. W., Chen, Y. W., & Chen, S. Y. (2015). In situ DOX-calcium 

phosphate mineralized CPT-amphiphilic gelatin nanoparticle for intracellular 

controlled sequential release of multiple drugs. Acta Biomaterialia, 15, 191-

199. 

Liu, Guangming, Zhang, & Guangzhao. (2013). QCM-D Studies on Polymer Behavior 

at Interfaces (Vol. Chp 4). 

Liu, Guangming, Zhang, & Guangzhao. (2013). QCM-D Studies on Polymer Behavior 

at Interfaces, Chp 4.  

Liu, J., Meisner, D., Kwong, E., Wu, X. Y., & Johnston, M. R. (2007). A novel trans-

lymphatic drug delivery system: implantable gelatin sponge 

impregnatedwithPLGA-paclitaxel microspheres. Biomaterials, 28(1), 3236-

3244. 

Luo, Y., & Wang, Q. (2014). Recent development of chitosan-based polyelectrolyte 

complexes with natural polysaccharides for drug delivery. International Journal 

of Biological Macromolecules, 64, 353-367. 

Lvov, Y., Agarwal, A., Sawart, R., & Torchilin, V. (2008). Sonication assisted 

polyelectrolyte nanoencapsulation of paclitaxel and tamoxifen. Pharma Focus 

Asia, 7, 36-40. 

Lvov, Y., Antipov, A. A., Mamedov, A., Mohwald, H., & Sukhorukov, G. B. (2001). 

Urease encapsulation in nanoorganized microshells. Nano Lett., 1(3), 125-128. 

Ma, S., Yuan, Q., Zhang, X., Yang, S., & Xu, J. (2015). Solvent Effect on Hydrogen-

Bonded Thin Film of Poly(vinylpyrrolidone) and Poly(acrylic acid) Prepared by 

Layer-by-Layer assembly. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects, 01(057), 1-25. 

Madhumathi, K., Binunal, N. S., Nagahama, H., Tamura, H., Shalumon, K. T., 

Selvamurugan, N., . . . Jayakumar, R. (2009). Preparation and characterization 



 124   

 

of novel β-chitin–hydroxyapatite composite membranes for tissue engineering 

applications. International Journal of Biological Macromolecules, 44(1), 1-5. 

Maron, L. B., Peniche, C., & Monal, W. A. (2004). Study of the interpolyelectrolyte 

reaction between chitosan and alginate: influence of alginate composition and 

chitosan molecular weight. International Journal of Biological 

Macromolecules, 34, 127-133. 

Martindale. (1989). The extra pharmacopeia. The pharmaceutical Press,London 

Edition, 29, 151-152. 

Martins, I. M., Barreiro, M. F., Coelho, M., & Rodrigues, A. E. (2014). 

Microencapsulation of essential oils with biodegradable polymeric carriers for 

cosmetic applications. Chemical Engineering Journal, 245, 191-200. 

Martucci, J. F., & Ruseckaite, R. A. (2009). Tensile properties, barrier properties and 

biodegradation in soil of compressionemolded gelatinestarch dialdehyde films. 

Journal of Applied Polymer Science, 112, 2166-2178. 

Mathews, S., Gupta, P. K., Bhonde, R., & Totey, S. (2011). Chitosan enhances 

mineralization during osteoblast differentiation of human bone marrow-derived 

mesenchymal stem cells, by upregulating the associated genes. Cell 

proliferation, 44(6), 537-549. 

Maurstad, G., Morch, Y. A., Bausch, A. R., & Stokke, B. T. (2008). Polyelectrolyte 

layer interpenetration and swelling of alginate–chitosan multilayers studied by 

dual wavelength reflection interference contrast microscopy. Carbohydrate 

Polymers, 71, 672–681. 

McAloney, R. A., Sinyor, M., Dudnik, V., & Goh, M. C. (2001). Atomic Force 

Microscopy Studies of Salt Effects on Polyelectrolyte Multilayer Film 

Morphology. Langmuir, 6655-6663. 



 125   

 

Mitchell, E., Candler, J., De Souza, F., Gupta, R. K., Gupta, B. K., & Dong, L. F. 

(2015). High performance supercapacitor based on multilayer of polyaniline 

and graphene oxide. Syhthetic Materials, 199, 214-218. 

Mukhopadhyay, M. K., Sanval, M. K., Datta, A., Webster, J., & Penfold, J. (2005). 

Interplay between hydrophilic and hydrophobic interactions for deciding the 

molecular orientation in Langmuir–Blodgett film deposition . Chem. Phys. Lett., 

407(4-6), 276-282. 

Murugan, R., & Ramakrishna, S. (2005). "Development of nanocomposites for bone 

grafting". Composites Science and Technology(65), 2385-2406. 

Mututuvari, T. M., Harkins, A. L., & Tran, C. D. (2013). facile synthesis, 

characterization and antimicrobial activity of cellulose–chitosan–hydroxyapatite 

composite material:A potential material for bone tissue engineering. Journal of 

Biomedical Materials Research, Part A(101A), 3266-3277. 

Muzzarelli, R. A., & Muzzarelli , C. (2005). Chitosan chemistry: relevance to the 

biomedical sciences. 186, 151-209. 

Nadiri, A., Kuchler-Bopp, S., Mjahed, H., Hu, B., Haikel, Y., Schaaf, P., . . . 

Benkirane-Jessel, N. (2007). Cell apoptosis control using BMP4 and noggin 

embedded in a polyelectrolyte multilayer film. Small, 3(9), 1577-1583. 

Nakaoka, R., Hirano, Y., Mooney, D. J., Tsuchiya, T., & Matsuoka, A. (2013). Study 

on the potential of RGD- and PHSRN-modified alginates as artificial 

extracellular matrices for engineering bone. Journal of Artificial Organs, 16(3), 

284-293. 

Nikcevic, I., Lee, S. H., Piruska, A., Ahn, C. H., Ridgway, T. H., Limbach, P. A., . . . 

Seliskar, C. J. (2008). Characterization and performance of injection molded 

poly(methylmethacrylate) microchips for capillary electrophoresis. J. 

Chromatogr A., 1154(1-2), 444-453. 



 126   

 

Noh, J. P., Jung, K. T., Kwon, T. H., Cho, G. B., Huh, S. C., Choi, B. K., . . . Nam, T. 

H. (2013). Microstructure and electrochemical properties of magnetron-

sputtered LiCoO2/LiNiO2 multi-layer thin film electrode. Materials Research 

Bulletin, 48, 4993-4996. 

Nwe, N., Furuike, T., & Tamura, H. (2014). Isolation and characterization of chitin and 

chitosan from marine origin. Adv Food Nutr Res, 72(1), 1-15. 

Ofokansi, K. C., Adikwu, M. U., & Okore, V. C. (2007). Preparation and Evaluation of 

Mucin-Gelatin Mucoadhesive Microspheres for Rectal Delivery of Ceftriaxone 

Sodium. Drug Development and Industrial Pharmacy, 33, 691-700. 

Okamoto, H., & Takeda, K. (2005). Molecular design and morphology of peptide 

nanotubes: towards the novel drug delivery materials. Journal of Drug Delivery 

Science and Technology, 15(1), 97-107. 

Olivas, G. I., & Barbosa-Canovas, G. V. (2008). Alginate–calcium films: water vapor 

permeability and mechanical properties as affected by plasticizer and relative 

humidity. LWT- Food Science and Technology, 41, 359-366. 

Olszta, M. J., Cheng, X., Jee, S. S., Kumar, R., Kim, Y. Y., Kaufman, M. J., . . . 

Gower, L. B. (2007). Bone structure and formation: A new perspective. 

Material Science and Engineering: R: Reports, 58(3-5), 77-116. 

Oltenau, C. E., & Enescu, D. (2007). Chitosan involved tissue engineering and 

regenerative medicine. Roum Biotechnol Lett, 12, 3217-3233. 

Oonishi, K., Cui, X., Hirakawa, H., Fujimori, A., Kamijo, T., Yamada, S., . . . Kamada, 

T. (2012). Different effects of carbon ion beams and X-rays on clonogenic 

survival and DNA repair in human pancreatic cancer stem-cells. Radiotherapy 

and Onchology, 105(2), 258-265. 



 127   

 

Pargaonkar, N., Lvov, Y. M., Li, N., Steenekamp, J. H., & de Villiers, M. M. (2005). 

Controlled release of dexamethasone from microcapsules produced by 

polyelectrolyte layer-by-layer nanoassembly. Pharm. Res., 22(5), 826-835. 

Patel, P. A., Dobrynin, A. V., & Mather, P. T. (2007). Combined Effect of Spin Speed 

and Ionic Strength on Polyelectrolyte Spin Assembly. Langmuir, 8(2), 637-646. 

Pathak, Y., & Thassu, D. (2009). Drug Delivery Nanoparticles and Characterization. 

New York: Informa Helathcare. 

Pavlukhina, S. V., Kaplan, J. B., Xu, I., Chang, W., Yu, X., Madhyastha, S., . . . 

Sukhishvili, S. A. (2012). Noneluting enzimatic antibiofilm coatings. ACS Appl. 

Mater. Interfaces, 4(9), 4708-4716. 

Penninger, C. L. (2011). "An investigation on the cellular mechanisms of bone 

remodeling using a hybrid cellular automation approach". PhD Thesis. PAris: 

University of Notre Dame. 

Pereda, M., Aranguren, M. I., & Marcovich, N. E. (2009). Water vapor absorption 

permeability of films based on chitosan and sodium caseinate. Journal of 

Applied Polymer Science, 111, 2777-2784. 

Pereda, M., Ponce, A. G., Marcovich , N. E., Ruseckaite, R. A., & Martucci, J. F. 

(2011). Chitosan-gelatin composites and bi-layer films with potential 

antimicrobial activity. Food Hydrocolloids, 25, 1372-1381. 

Pica, K., Tchao, R., & Ofner, C. M. (2006). Gelatin-methotrexate conjugate 

microspheres as a potential drug delivery system. J. Pharm. Sci., 95(9), 1896-

1908. 

Pranoto, Y., Rakshit, S. K., & Salokhe, V. M. (2005). Enhancing antimicrobial activity 

of chitosan films by incorporating garlic oil, potassium sorbate and nisin. LWT 

Food Science Technology, 38, 859-865. 



 128   

 

Primorac, E., Dapic, I., Strbe, N., & Kovacevic, D. (2010). Adsorption of bovine serum 

albumin on previously formed PAH/PSS multilayer: a stagnation point optical 

reflectometry study. Colloids Surf B Biointerfaces, 76(1), 305-310. 

Priya, D. N., Modak, J. M., & Raichur, A. M. (2009). LbL fabricated poly (styrene 

sulfonate)/TiO2 multilayer thin films for environmental applications. ACS Appl 

Mater Interfaces, 1(11), 2684-2693. 

Qiu, X., Leporatti, S., Dontah, E., & Mohwald, E. (2001). Studies on the drug release 

properties of polysaccharide multilayers encapsulated Ibuprofen microparticles. 

Langmuir, 17(17), 5375-5380. 

Quinones, J. P., Garcia, Y. C., Curiel, H., & Covas, C. P. (2010). Microspheres of 

chitosan for controlled delivery of brassinosteroids with biological activity as 

agrochemicals. Carbohydrate Polymers, 80(3), 915-921. 

Radtchenko, I. L., Sukhorukov, G. B., & Mohwald, H. (2010). Incorporation of 

macromolecules into polyelectrolyte micro and nanocapsules via surface 

controlled precipitation on colloidal particles. Colloids Surf., A Physicochem. 

Eng. Asp., 202(2-3), 127-133. 

Raiche, A. T., & Puleo, D. A. (2004). In vitro effects of combined and sequential 

delivery of two bone growth factors. Biomaterials, 25(4), 677-685. 

Rajan, M., & Raj, V. (2013). Formation and characterization of chitosan-

polylacticacid-polyethylene glycol-gelatin nanoparticles: A novel biosystem for 

controlled drug delivery. Carbohydrate Polymers, 98(1), 951-958. 

Rajan, M., Raj, V., Al-Arfaj, A. A., & Murugan, A. M. (2013). Hyaluronidase enzyme 

core-5-fluorouracil-loaded chitosan-PEG-gelatin polymer nanocomposites as 

targeted and controlled drug delivery. International Journal of Pharmaceutics, 

453(2), 514-522. 



 129   

 

Ramasamy, T. G., & Haidar, Z. S. (2012). Alginate-Chitosan versus Chitosan-Alginate 

Multi-Layered Assembled Systems:In Situ Comparative QCM-D Study. 

Journal of Biomaterials and Tissue Engineering, 2, 83-88. 

Ramírez-Fernández, M. P., Calvo-Guirado, J. L., Arcesio Delgado-Ruiz, R., Maté-

Sánchez del Val, J. E., Gómez-Moreno, G., & Guardia, J. (2011). 

"Experimental model of bone response to xenografts of bovine origin 

(Endobon®): A radiological and histomorphometric study". Clinical Oral 

Implants Research, 22(7), 727-734. 

Ren, K., Crouzier, T., Roy, C., & Picart, C. (2008). Polyelectrolyte multilayer films of 

controlled stiffness modulate myoblast cell differentiation. Adv Funct Mater, 

18(9), 1378-1389. 

Rhim, J. W. (2004). Physical and mechanical properties of water resistant sodium 

alginate films. LWT - Food Science and Technology, 37, 323-330. 

Richard, D., Nguyen, I., Affolter, C., Meyer, F., Schaaf, P., Voegel, J. C., . . . Ogier, J. 

(2010). Polyelectrolyte multilayer-mediated gene delivery for semaphorin 

signaing pathway control. Small, 6(21), 2405-2411. 

Richards-Grayson, A. C., Choi, I. S., Tyler, B. M., Wang, P. P., Brem, H., Cima, M. J., 

& Langer, R. (2003). Multi-pulse drug delivery from a resorbable polymeric 

microchip device. Nature Materials, 2, 767-772. 

Richert, L., Arntz, Y., Schaaf, P., Voegel, J.-C., & Picart, C. (2004). "pH dependent 

growth of poly(L-lysine)/poly(L-glutamic) acid multilayer films and their cell 

adhesion properties". Surface Science, 570, 13-29. 

Riva, R., Ragelle, H., des Rieux, A., Dulhem, N., Jerome, C., & Preat, V. (2011). 

Chitosan and chitosan derivatives in drug delivery and tissue engineering. 

Chitosan for biomaterials II. (R. Jayakumar, M. Prabaharan, & R. A. 

Muzzarelli , Eds.) Berlin: Springer. 



 130   

 

Rivero, S., Garcia, M. A., & Pinotti, A. (2009). Composite and bi-layer films based on 

gelatin and chitosan. Journal of Food Engineering, 90, 531-539. 

Rogovina, S. Z., & Vikhoreva, G. A. (2006). Polysaccharide-based polymer 

blends:methods of their production. Glycoconjug J, 23, 611-618. 

Rossi, P., Casalini, T., Raffa , E., Masi, M., & Perale, G. (2012). Bioresorbable 

polymer coated drug eluting stent: a model study. Mol. Pharm., 9(7), 1898-

1910. 

Ruitao, Z., & Srinisavan, M. P. (2013). Covalent molecular assembly: Construction of 

ultrathin multilayer films by a two-dimensional fabrication method. Journal of 

Colloid and Interface Science, 392, 158-166. 

Sacks, M. S., Hamamoto, H., Connoly, J. M., Gorman, R. C., Gorman, J. H., & Levy, 

R. J. (2010). ın vivo biomechanical assessment of triglycidylamine cross-linked 

pericardium. Biomaterials, 28(35), 5390-5398. 

Sagiri, S. S., Singh, V. K., Kulanthaivel, S., Banerjee, I., Basak, P., Battachrya, M. K., 

& Pal, K. (2015). Stearate organogel–gelatin hydrogel based bigels: 

Physicochemical, thermal, mechanical characterizations and in vitro drug 

delivery applications. Journal of the Mechanical Behavior of Biomedical 

Materials, 43, 1-17. 

Saha, S., & Pal, S. (1984). "Mechanical properties of bone cement: A review". Journal 

of Biomedical Materials Research, 18(4), 435-462. 

Sajesh, K., Jayakumar, R., Nair, S. V., & Chennazhi, K. (2013). Int. J. Biol. 

Macromol., 62, 465–471. 

Salgado, A. J., Coutinho, O. P., & Reis, R. L. (2004). Bone Tissue Engineering: State 

of the Art and Future Trends. Macromolecular Bioscience, 4, 743-765. 



 131   

 

Santini, J. T., Richards, A. C., Scheidt, R., Cima, M. J., & Langer, R. (2000). 

Microchips as controlled drug delivery devices. Angewandte Chemie 

International Edition, 39(14), 2396-2407. 

Sato, M., & Sano, M. (2005). Van der Waals layer-by-layer construction of a carbon 

nanotube 2D network. Langmuir, 21(24), 11490-11494. 

Schneider, A., Richert, L., Francius, G., Voegel, J. C., & Picart, C. (2007). Elasticity, 

biodegradability, and cell adhesive properties of chitosan/hyaluronan multilayer 

films. Biomed Mater, 2(1), 45-51. 

Sezer, U. A., Arslantunali, D., Aksoy, E. A., Hasirci, V., & Hasirci, N. (2014). 

Composite Scaffolds Loaded with Gentamicin Containing b-TCP/ Gelatin 

Microspheres for Bone Tissue Engineering Applications. Journal of Applied 

Polymer Science, 131(8), 1-11. 

Shchukin, D. G., Patel, A. A., Sukhorukov, G. B., & Lvov, Y. M. (2004). 

Nanoassembly of biodegradable microcapsules for DNA encasing. J. Am. 

Chem. Soc., 126(11), 3374-3375. 

Shen, L., & Hu, N. (2005). Electrostatic adsorption of heme proteins alternated with 

polyamidoamine dendrimers for layer-by-layer assembly of electroactive films. 

Biomacromolecules, 6(3), 1475-1483. 

Shinohara, S., Kihara, T., Sakai , S., Matsusaki, M., Akashi, M., Taya, M., & Miyake, 

J. (2013). Fabrication of in vitro three-dimensional multilayered blood vessel 

model using human endothelial and smooth muscle cells and high-strength PEG 

hydrogel. Journal of Bioscience and Bioengineering, 116(2), 231-234. 

Silva, C., Silva, C. J., Zille, A., Guebitz, G. M., & Paulo, A. C. (2010). Laccase 

immobilization on enzymatically functionalized polyamide 6,6 fibres. Enzyme 

Microb. Technol., 41(6-7), 867-875. 



 132   

 

Silva, J. M., Georgi, N., Costa, R., Sher, P., Reis, R., & Van Blitterswijk, C. A. (2013). 

Nanostructured 3D constructs based on chitosan and chondroitin sulphate 

multilayers for cartilage tissue engineering. PLoS One, 8(2), 551-554. 

Sionkowska, A., Wisniewski, M., Skopinska, J., Kennedy, C. J., & Wess, T. J. (2004). 

Molecular interactions in collagen and chitosan blends. Biomaterials, 25, 795-

801. 

Sionkowska, A., Wisniewski, M., Skopinska, J., Kennedy, C. J., & Wess, T. J. (2004). 

The photochemical stability of collagen-chitosan blends. J Photochem 

Photobiol, 162, 545-554. 

Skedros, J. G., Bloebaum, R. D., Bachus, K. N., Boyce, T. M., & Constantz, B. (1993). 

"Influence of mineral content and composition on graylevels in backscattered 

electron images of bone". Journal of Biomedical Materials Research, 27(1), 57-

64. 

Skinner, H. C. (2005). "Biominerals". Mineralogical Magazine, 69(5), 621-641. 

Smith, & Hashemi. (2006). 223-224. 

Song, W., He, Q., Möhwald, H., Yang, Y., & Li, Y. (2009). Smart polyelectrolyte 

microcapsules as carriers for water-soluble small molecular drug. 139(2), 160-

166. 

Song, Z., Yin, J., Luo, K., Zheng, Y., Yang, Y., Li, Q., . . . Chen, X. (2009). Porous 

scaffolds based on cross-linking of poly(L-glutamic acid). Macromol Biosci, 

9(3), 268-278. 

Stevens, M. M. (2008). "Biomaterials for bone tissue engineering". Materials Today, 

11, 18-25. 

Stroescu, M., Guzun, A. S., & Jipa, I. M. (2013). Vanillin release from poly(vinyl 

alcohol)-bacterial cellulose mono and multilayer films. Journal of Food 

Engineering, 114(2), 153-157. 



 133   

 

Stroescu, M., Guzun, A. S., & Jipa, J. M. (2013). Vanillin release from poly(vinyl 

alcohol)-bacterial cellulose mono and multilayer films. Journal of Food 

Engineering, 114, 153-157. 

Suarez-Gonzalez, D., Barnhart, K., Saito, E., Vanderby , R., Hollister, S. J., & murpy, 

W. L. (2010). Controlled nucleation of hydroxyapatite on alginate scaffolds for 

stem cell-based bone tissue engineering. Journal of Biomedical Materials 

Research, 95A(1), 222-234. 

Sutter, M., Siepmann, J., Hennink, W. E., & Jiskoot, W. (2007). Recombinant gelatin 

hydrogels for the sustained release of proteins. J. Control Release, 119(3), 301-

312. 

Suzuki, K., Kim, K., Taminato, S., Hirayama, M., & Kanno, R. (2013). Fabrication and 

electrochemical properties of LiMn2O4/SrRuO3 multi-layer epitaxial thin film 

electrodes. Journal of Power Sources, 226, 340-345. 

Swati, M., Hase, N. K., & Srivastava, R. (2010). Nanoengineered optical urea 

biosensor for estimating hemodialysis parameters in spent dialysate . Anal Chim 

Acta, 676 (1-2), 68-74. 

Szarpak, A., Cui, D., Dubreuil, F., De Geest, B. G., De Cock, L. J., Picart, C., & 

Auzely-Velty, R. (2010). Designing hyaluronic acid based layer-by-layer 

capsules as a carrier for intracellular drug delivery. Biomacromolecules, 11(3), 

713-20. 

Tai, B. C., Du, C., Gao, S., Wan, A. C., & Ying, J. Y. (2010). The use of a 

polyelectrolyte fibrous scaffold to deliver differentiated hMSCs to the liver. 

Biomaterials, 31(1), 48-57. 

Thu, H. E., & Ng, S. F. (2013). Gelatine enhances drug dispersion in alginate bilayer 

film via the formation of crystalline microaggregates. International Journal of 

Pharmaceutics, 454, 99-106. 



 134   

 

Tokarev, A., Agulhon, P., Long, J., Quignard, F., Robitzer, M., Ferreira, R. A., . . . 

Guari, Y. (2012). Synthesis and study of Prussian blue type nanoparticles in an 

alginate matrix. J. Mater. Chem., 22, 20232-20242. 

Tomihata, K., & Ikada, Y. (2013). Cross-linking of hyaluronic acid with 

glutaraldehyde. J. Polym. Sci. Part A Polym. Chem., 35, 3553-3559. 

Tompkins, H. G. (2012). A User's Guide to Ellipsometry. Mesa, Arizona: Academic 

Press. 

Tsai, R. Y., Kuo, T. Y., Hung, S. C., Lin, C. M., Hsien, T. Y., Wang, D. M., & Hsieh, 

H. J. (2015). Use of gum arabic to improve the fabrication of chitosan–gelatin-

based nanofibers for tissue engineering. Carbohydrate Polymers, 115, 525-532. 

Tseng, C. L., & Lin, F. H. (2008). Preparation of gelatin nanoparticles with EGFR 

selection ability via biotinylated-EGF conjugation for lung cancer targeting. 

Biomed. Eng. Appl. Basis Commun., 20(3), 161-169. 

Ucar, S., Yilgor, P., Hasirci, V., & Hasirci, N. (2013). Chitosan-based wet-spun 

scaffolds for bioactive agent delivery. Journal of Applied Polymer Science, 

130(5), 3759-3769. 

Venkatesan, J., Bhatnagar, I., Manivasagan, P., Kang, K. H., & Kim, S. K. (2015). 

Alginate composites for bone tissue engineering: A review. International 

Journal of Biological Macromolecules, 72, 269-281. 

Vijayakumar, V., & Subramanian, K. (2014). Diisocyanate mediated polyether 

modified gelatin drug carrier for controlled release. Saudi Pharmaceutical 

Journal, 22(1), 43-51. 

Volodkin, D., & von Klitzing, R. (2014). Competing mechanisms in polyelectrolyte 

multilayer formation and swelling: Polycation–polyanion pairing vs. 

polyelectrolyte–ion pairing. Current Opinion in Colloid & Interface Science, 

19, 25-31. 



 135   

 

Waduge, P., Khadka, D. B., & Haynie, D. T. (2014). Branched polymer models and the 

mechanism of multilayer film buildup. Colloids and Surfaces B: Biointerfaces, 

121, 331-339. 

Wallace, J. M. (2015, 03 08). Bone Biology and Mechanics Lab. Retrieved from 

General Introduction to Bone: Collagen and Mineral: 

http://www.iupui.edu/~bbml/boneintro.shtml 

Wang, Q., Gu, Z., Jamal, S., Detamore, M. S., & Berkland, C. (2013). Hybrid 

hydroxyapatite nanoparticle colloidal gels are injectable fillers for bone tissue 

engineering. Tissue Eng, Part A, 2586-2593. 

Wang, X., Nyman, J. S., Dong, X., & Leng, H. (2010). Fundamental Biomechanics in 

Bone Tissue Engineering. Davis: Morgan & Claypool. 

Wang, X., Sang, L., Luo, D., & Li, X. (2011). From collagen–chitosan blends to three-

dimensional scaffolds: the influences of chitosan on collagen nanofibrillar 

structure and mechanical property. Colloids Surf B, 82, 233-240. 

Wehbe, N., Tabarrant, T., Brison, J., Mouhib, T., Delcorte, A., Bertrand, P., . . . 

Houssiau, L. (2013). TOF-SIMS depth profiling of multilayer amino-acid films 

using large Argon cluster Arn C60 and Cs+ sputtering ions: A comparative 

study. Surface and Interface Analysis, 45, 178–180. 

Weiner, S., & Traub, W. (1986). "Organization of hydroxyapatite crystals within 

collagen fibrils". FEBS Letters(206), 262-266. 

Weiner, S., & Wagner, H. D. (1998). "The material bone: Structure-mechanical 

function relations". Annual Review of Materials Science, 28(1), 271-298. 

Wise, E. R., Maltsev, S., Davies, M. E., Duer, M. J., Jaeger, C., Loveridge, N., . . . 

Reid, D. G. (2007). The organic-mineral interface in bone is predominantly 

polysaccharide. Chemistry of Materials, 19(21), 5055-5057. 



 136   

 

Wodka, M. E., Sojka, M. K., Nowak, P., & Warszynski, P. (2015). Comparison of 

permeability of poly(allylamine hydrochloride)/and 

poly(diallyldimethylammonium chloride)/poly(4-styrenesulfonate) multilayer 

films: Linear vs. exponential growth. Journal of Electroanalytical Chemistry, 

738, 195-202. 

Wong, S. Y., Han, I., Timachova, K., Veselinovic, J., Hyder, M. N., Ortiz, C., . . . 

Hammond, P. T. (2012). Drastically lowered protein adsorption on microbicidal 

hydrophobic/hydrophilic polyelectrolyte multilayers. Biomacromolecules, 

13(3), 719-726. 

Wu, F., Wei, J., Liu, C., O’Neill, B., & Ngothai, Y. (2012). Fabrication and properties 

of porous scaffold of zein/PCL biocomposite for bone tissue engineering. 

Composites Part B: Engineering, 43(5), 2192-2197. 

Wu, M. Y., Chen, N., Liu, L. K., Yuan, H., Li, Q. L., & Chen, S. H. (2009). 

Chitosan/Alginate Multilayer Scaffold Encapsulating Bone Marrow Stromal in 

Situ on Titanium. Journal of Bioactive and Compatible Polymers, 24, 301-315. 

Xin, S., Li, X., Wang, Q., Huang, R., Xu, X., & Lei, Z. (2014). Novel layer-by-layer 

structured nanofibrous mats coated by protein films for dermal regeneration. J 

Biomed Nanotechnol, 10, 803-810. 

Xu, Y., Zhan, C., Fan, L., Wang, L., & Zheng, H. (2007). Preparation of dual 

crosslinked alginate-chitosan blend gel beads and in vitro controlled release in 

oral site-specific drg delivery system. Int J Pharm, 336, 323-337. 

Xue, M., Zhou, D., Cao, J., Wang, H., & Cao, B. (2009). Preparation and properties of 

the CS/AW composite as porous scaffold material. Fuhe Cailiao Xuebao/Acta 

Materiae Compositae Sinica, 26(3), 127-132. 



 137   

 

Yamaguchi, S., Sugimoto, Y., & Fujivara, H. (2014). Ellipsometry analysis of a-Si:H 

solar cell structures with submicron-size textures using glass-side illumination. 

Thin Solid Films, 565, 222-227. 

Yang, Y., Wang, S., Wang, Y., Wang, X., Wang, Q., & Chen, M. (2014). Advances in 

self-assembled chitosan nanomaterials for drug delivery. Biotechnology 

Advances, 32, 1301-1316. 

Ye, Y., Dan, W., Zeng, R., Lin, H., Dan, N., Guan, L., & Mi, Z. (2007). Miscibility 

studies on the blends of collagen/chitosan by dilute solution viscometry. Eur 

Polym J, 43, 2066-2071. 

Young, S., Wong, M., Tabata, Y., & Mikos, A. G. (2005). Gelatin as a delivery vehicle 

for the controlled release of bioactive molecules. J. Control Release, 109(1-3), 

256-274. 

Yu, X., Chen, C., Peng, J., Shi, Z., Shen, Y., Mei, J., & Ren, Z. (2014). Antibacterial-

active multilayer films composed of polyoxometalate and Methyl Violet: 

Fabrication, characterization and properties. Thin Solid Films, 571, 69-74. 

Yuan, W., Dong, H., Li, C. M., Cui, X., Yu, L., Lu, Z., & Zhou, Q. (2007). pH-

Controlled Construction of Chitosan/Alginate Multilayer Film: Characterization 

and Application for Antibody Immobilization. Langmuir, 23, 13046-13052. 

Yuan, Y. C. (2011). Deacetylation of chitosan: material characterization and in vitro 

evaluation via albumin adsorption and pre-osteoblastic cell cultures. Materials, 

4(8), 1399-1416. 

Yubao, L., Groot, K., Wijn, J., Klein, C. A., & Meer, S. D. (1994). Morphology and 

composition of nanograde calcium phosphate needle-like crystals formed by 

simple hydrothermal treatment. Journal of Materials Science: Materials in 

Medicine, 5(6), 326-331. 



 138   

 

Zaki, N. M., & Hafez, M. M. (2012). Enhanced Antibacterial Effect of Ceftriaxone 

Sodium-Loaded Chitosan Nanoparticles Against Intracellular Salmonella 

typhimurium. AAPS PharmSciTech, 13(2), 411-421. 

Zhai, Y., & Zhai, G. (2014). Advances in lipid-based colloid systems as drug carrier for 

topic delivery. Journal of Controlled Release, 193, 90-99. 

Zhang, X., Yang, D., & Nie, J. (2014). Chitosan/polyethylene glycol diacrylate films as 

potential wound dressing material. Int J Biol Macromol, 3, 456-4624. 

Zhang, Z., Zhang, R., Tong, Q., Decker, E. A., & McClements, D. J. (2015). Food-

grade filled hydrogels for oral delivery of lipophilic active ingredients: 

Temperature-triggered release microgels. Food Research International, 69, 

274-280. 

Zhang, Z., Zhu, Y., Yang, X., & Li, C. (2010). Preparation of azithromycin 

microcapsules by a layer-by-layer self-assembly approach and release behaviors 

of azithromycin. Colloids Surf., A Physicochem. Eng. Asp., 362(1-5), 135-139. 

Zhao, Q., Han, B., Wang, Z., Gao, C., Peng, C., & Shen, J. (2007). Hollow chitosan-

alginate multilayer microcapsules as drug delivery vehicle: doxorubicin loading 

and in vitro and in vivo studies. Nanomed. Nanotechnol. Biol. Med, 3(1), 63–

74. 

Zhao, W., Tong, B., Shi, J., Pan, Y., Shen, J., Zhi, J., . . . Dong, Y. (2010). Fabrication 

and optoelectronic properties of novel films based on functionalized 

multiwalled carbon nanotubes and (phthalocyaninato)ruthenium (II) via 

coordination bonded layer-by-layer self-assembly. Langmuir , 26(20), 16084-

16089. 

Zheng, J., Bao, S., & Jin, P. (2015). TiO2(R)/VO2(M)/TiO2(A) multilayer film as 

smart window:Combination of energy-saving, antifogging and self-cleaning 

functions. Nano Energy, 11, 136-145. 



 139   

 

Zheng, Z., Zhang, X., Carbo, D., Clark, C., Nathan, C. A., & Lvov, Y. (2010). 

Sonication-assisted synthesis of polyelectrolyte-coated curcumin nanoparticles. 

Langmuir, 26(11), 7679-7681. 

Zhong, C., & Chu, C. C. (2012). Biomimetic mineralization of acid polysaccharide-

based hydrogels: Towards porous 3-dimensional bone-like biocomposites. 

Journal of Materials Chemistry, 22(13), 6080-6087. 

Zhou, J., Romero, G., Rojas, E., Ma, L., Moya, S., & Gao, C. (2010). Layer by layer 

chitosan/alginate coatings on poly(lactide-co-glycolide) nanoparticles for 

antifouling protection and Folic acid binding to achieve selective cell-targeting. 

Journal of Colloid and Interface Science, 345, 241–247. 

Zhoung, C., & Chu, C. C. (n.d.). Biomimetic mineralization of acid polysaccharide-

based hydrogels: Towards porous 3-dimensional bone-like biocomposites. 

Journal of Materials Chemistry, 22(13), 6080-6087. 

Zhu, H., Ji, J., & Shen, J. (2004). Biomacromolecules electrostatic self-assembly on 3-

dimentional tissue engineering scaffold. Biomacromolecules, 5(5), 1933-1939. 

Zhu, H., Ji, J., Tan, Q., Barbosa, M. A., & Shen, J. (2003). Surface engineering of poly 

(DL-lactide) via electrostatic self-assembly of extracellular-like molecules. 

Biomacromolecules, 4(2), 378-386. 

Zhu, X., Chian, K. S., Chan-Park, M. E., & Lee, S. T. (2005). Effect of argon-plasma 

treatment on proliferation of human-skin-derived fbiroblast on chitosan 

membrane in vitro. J Biomed Mater Res, Part A(73A), 264-274. 

 



 140   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 141   

 

APPENDIX A 

 

CALIBRATION CURVE 

 

 

 

Figure A.1. Calibration curve of ceftriaxone sodium 
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APPENDIX B 

SUPPLEMENTARY ELLIPSOMETER THICKNESS 

EXPERIMENT RESULTS 
 

 

 

Figure B.1. Film stability behavior of films at pH 7.4, showing a layer dissolved 
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Figure B.2. Graph showing the effect of CHI molecular weight on film deposition 

pattern. 
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Figure B.3. Graph showing nitrogen drying effect of the silicon wafer either at each 

layer or on 6., 9. and 12. layer on film deposition behavior 

 

 

 

 

 

 

 

 

 


