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CHARACTERIZATION AND ANTIMICROBIAL PROPERTIES OF 

MULTIPLE LAYER SILK FIBROIN/HYALURONIC ACID FILM ON 

CoCrMo ALLOY 

SUMMARY 

This research aimed to characterize the pH-induced complexation of multiple layer 

silk fibroin (SF) and hyaluronic acid (HA) films on CoCrMo alloys and investigate 

the antimicrobial properties of these films.  

In the present study, consisted of six, ten and fourteen layers of three type films 

which are called SF, SF/HA complex and SF/HA layer-by-layer (LBL) were coated 

on CoCrMo alloys. In the literature, it was known that SF and HA complexes were 

occurred within the pH-range of 2.5-3.5, disregarding of the biopolymer ratio, 

mixing order and total biopolymer concentration. To investigate the effect of pH on 

the morphology/properties of the films on CoCrMo alloys, three different pH values 

were chosen: 3.0, 3.5 and 5.5. Surface structures of films were investigated by 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

and X-Ray Diffraction (XRD) and morphology of films were searched by Scanning 

Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). All samples 

were treated with methanol, a conformation transition was aimed to stimulate from 

silk I to silk II to make the films insoluble and to increase the mechanical 

characteristics. Characteristic IR absorption peaks for silk I and silk II structures 

were observed by ATR-FTIR spectroscopy for all samples at pH 3.0, 3.5 and 5.5. 

The XRD spectra of fourteen layer of SF/HA complex and SF/HA layer-by-layer 

films on CoCrMo alloys at pH 3.5 showed that the films are amorphous structure due 

to the inorganic phase. SEM images showed that at pH 3.0 and 3.5, as the working 

pH values close to the isoelectric point of fibroin (IEP=3.9), SF molecules tend to 

more aggregate. However, at pH 5.5, the fibres of SF are moved everywhere of the 

surface due to the working pH which is far away to the IEP of fibroin. As is seen for 

SEM images, at pH 3.5, colloidal particles are observed for all multilayer SF/HA 

complex and SF/HA layer-by-layer films on CoCrMo alloys due to the working 

solution pH close to IEP of fibroin in AFM images. AFM images also clearly 

indicated that the film thickness and surface roughness of LBL coated specimens is 

almost higher than those of complex coated films on the investigated specimens. 

Antibiotic called levofloxacin was loaded into the fourteen layer of SF/HA complex 

and SF/HA layer-by-layer films to enhance the film properties. These antibiotic 

loaded films on CoCrMo alloys at pH 3.5 were investigated by ATR-FTIR 

spectroscopy and SEM. Characteristic IR absorptions bands were observed by ATR-

FTIR spectroscopy. Compared to the without antibiotic loaded films, the surface of 

the levofloxacin loaded samples showed smoother and more uniform structure in 

SEM images. 

Antimicrobial properties of the fourteen layer of SF/HA complex and SF/HA layer-

by-layer films on CoCrMo alloys at pH 3.5 were investigated by colony counting 

method. Antibiotic loaded samples showed lower bacterial attachment as compared 

to the other samples. In conclusion, antibiotic loading is an efficient way to reduce 

the bacterial attachment and this will probably reduce the infection risks.  
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CoCrMo ALAŞIMINDA ÇOKLU TABAKALI İPEK 

FİBROİN/HYALURONİK ASİT FİLMİNİN KARAKTERİZASYONU VE 

ANTİMİKROBİYAL ÖZELLİKLERİ 

ÖZET 

Bu çalışma, CoCrMo alaşımları üzerinde çoklu tabakalı ipek fibroin (SF) ve 

hyaluronik asit (HA) filmlerinin pH’a bağlı olarak kompleks oluşturmasının 

karakterize edilmesini ve bu filmlerin antimikrobiyal özelliklerinin incelenmesini 

amaçlamıştır. 

Mevcut çalışmada, CoCrMo alaşımları üzerinde altı, on ve on dört tabakadan oluşan 

SF, SF/HA kompleks ve SF/HA tabaka-tabaka (LBL) olarak adlandırılan üç çeşit 

film kaplanmıştır. Literatürde, toplam biyopolimer konsantrasyonu, karışım sırası ve 

biyopolimer oranı dikkate alınmaksızın, SF ve HA kompleksinin pH 2.5-3.5 

aralığında oluştuğu bilinmektedir. CoCrMo alaşımları üzerindeki filmlerin 

morfolojisine/özelliklerine pH’ın etkisini incelemek için, üç farklı pH değerleri 

seçilmiştir: 3.0, 3.5 ve 5.5. Filmlerin yüzey yapıları Fourier Dönüşümlü Toplam 

Yansıması Azaltılmış İnfrared Spektroskopisi (ATR-FTIR) ve X-Işınları Kırınımı 

(XRD) ile incelenmiş ve filmlerin morfolojileri Taramalı Elektron Mikroskopu 

(SEM) ve Atomik Kuvvet Mikroskopu (AFM) ile araştırılmıştır. Bütün örnekler 

methanol ile muamele edilmiştir, mekanik özellikleri arttırmak ve filmleri çözünmez 

hale getirmek için konformasyon dönüşümününün ipek I’den ipek II’ye uyarılması 

amaçlanmıştır. pH 3.0, 3.5 ve 5.5’te bütün örnekler için, ipek I ve ipek II yapılarının 

karakteristik IR absorpsiyon pikleri ATR-FTIR spektroskopisi ile gözlenmiştir. pH 

3.5’te CoCrMo alaşımı üzerindeki on dört tabakalı SF/HA kompleks ve SF/HA 

tabaka-tabaka filmlerinin XRD spektraları, inorganik faz nedeniyle filmlerin amorf 

yapıda olduklarını göstermiştir. SEM görüntüleri, pH 3.0 ve 3.5’te, çalışma pH’ının 

fibroinin izoelektrik noktasına (IEP=3.9) yaklaştıkça, SF molekülerinin daha çok bir 

arada toparlanma eğiliminde olduklarını göstermiştir. Ancak pH 5.5’te, SF fiberleri, 

çalışılan pH’ın fibroinin izolektrik noktasından uzak olması nedeniyle yüzeyin her 

yerine ilerlemiştir. SEM görüntülerinde görüldüğü gibi, AFM görüntülerinde de pH 

3.5’te, kolloidal parçacıklar çözelti çalışma pH’ının fibroinin izoelektrik noktasına 

yakın olması nedeniyle gözlenmiştir. Aynı zamanda AFM görüntüleri, LBL kaplı 

örneklerin film kalınlığının ve yüzey pürüzlülüğünün incelenen kompleks kaplı film 

örneklerinden hemen hemen daha yüksek olduğunu göstermiştir.  

Levofloksasin olarak adlandırılan antibiyotik, film özelliklerini arttırmak için on dört 

kaplı SF/HA kompleks ve SF/HA tabaka-tabaka filmlere yüklenmiştir. pH 3.5’te 

CoCrMo alaşımları üzerindeki bu antibiyotik yüklü filmler, ATR-FTIR 

spektroskopisi ve SEM ile incelenmiştir. Karakteristik IR absorbsiyon bandları ATR-

FTIR spektroskopisi ile gözlenmiştir. Antibiotik yüklü olmayan filmler ile 

kıyaslandığında, SEM görüntülerinde levofloksasin yüklü örneklerin yüzeyi daha düz 

ve daha eşdağılımlı yapı göstermiştir.  

pH 3.5’te, CoCrMo alaşımı üzerindeki on dört tabakalı SF/HA kompleks ve SF/HA 

tabaka-tabaka filmlerinin antimikrobiyal özellikleri koloni sayma methodu ile 

incelenmiştir. Antibiyotik yüklü örnekler, diğer örnekler ile kıyaslandığında daha az 

bakteri tutunumu göstermişlerdir. Sonuç olarak, antibiotik yükleme bakteri 

tutunumunu azaltmak için etkili bir yoldur ve bu yöntem enfeksiyon risklerinini 

indirgeyecektir.
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1.  INTRODUCTION 

1.1 Purpose of Thesis 

The main goal of this study is to carry out the multiple layer silk fibroin/hyaluronic 

acid films on CrCrMo alloy. Silk fibroin and hyaluronic acid can be successfully 

used to generate the complex films. A specific antibiotic called levofloxacin will be 

loaded to the films to enhance the film properties and to reduce the inflammation risk 

due to bacteria/microbe. In particular, the pH-induced multiple layer silk 

fibroin/hyaluronic acid films will be characterized and antimicrobial properties of the 

films will be investigated, respectively. 

Attentuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-

FTIR), X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Atomic 

Force Microscopy (AFM) will be used to characterize the films and antimicrobial 

activities of the films will be investigated by colony counting method. 

Staphylococcus aureus is a candidate bacteria in this research. 

The results of this research should lead to an understanding of the behavior of silk 

fibroin/hyaluronic acid films on CoCrMo alloys. This research is one of the first 

attempts conducted for the prevention of infections on CoCrMo using biodegradable 

polymers. This will also motivate us to develop a new aspect for biomaterials. 

1.2 CoCrMo Alloys 

CoCrMo alloys are metallic biomaterials and are broadly utilized as orthopedic 

implant materials. They are very stable materials and have been used since 1930.  

For clinical applications, these casting alloys have been employed in the femur 

constituent of artificial knee joints. On the other hand, wrought alloys can be utilized 

as artificial components such as knee stems, hip heads, metal-on-metal hip joint 

bearings, and hip stems (Okazaki 2008). 

A total hip joint prosthesis is principally made up of two components: an acetabular 

cup located in the pelvis and a stem transferred into the femur or thigh bone. Figure 
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1.1 represents the diagram of a hip replacement. The femoral stem places down into 

femur. The ball over the femoral stem is termed the femoral head fits into the hip and 

joint in the pelvis. An ultra-high molecular weight polyethylene (UHMWPE) liner 

places inside the acetabular cup and enables the articulating surface for the femoral 

head (Long and Rack 1998, Duisabeau, Combrade et al. 2004, Katti 2004). The two 

components of the hip implant have been produced utilizing a several of substances 

e.g. polymers, composites, metals and ceramics. 

  

Figure 1.1 : The diagram of a hip replacement, adapted from (DoITPoMS). 

Lately, metal-on-metal (MoM) hip replacements ground on CoCrMo alloys have 

progressively get the adopted option for younger and/or more active patients owing 

to their longer service duration, reduced inflammatory osteolysis and superior wear 

resistance arising from such tools (Schmalzried 2004, Schmalzried 2005, Yan, 

Neville et al. 2007). CoCrMo femur stems has with achievement also been operated 

as cemented stems, due to elastic modulus proximate to bone-cement (Schweizer, 

Riede et al. 2003, Schweizer, Luem et al. 2005). 

CoCrMo alloys are formed 62-67 % cobalt and 27-30 % chrome, besides that 

comprise 5-7 % molybdenum and all together below 1 % of manganese, iron, nickel, 

and silicon. Carbon is included to further increase durability (Nevelos, Shelton et al. 

2004). 

CoCrMo alloys are preferred for many reasons for orthopedic applications. 

Compared to austenitic stainless steels, they are high corrosion resistance. As against 

titanium and its alloys, these alloys are high wear resistance. However they have less 
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plastic processability compared to titanium, titanium alloys and stainless steels. On 

the other hand, most heads of artificial joints are formed CoCrMo alloys due to high 

corrosion resistant compared to stainless steel and high wear resistance in 

comparison with titanium alloys (Hanawa, Nakazawa et al. 2005). 

CoCrMo alloys utilized as biomaterials due to involving osteocompatibility, surface 

compatibility and mechanical compatibility for orthopedic applications.  

Surface compatibility of these alloys are based on fundamental compatible chemical 

features of the materials within the human body such as, not causes to carcinogenic 

and mutagenic influence, not leading to allergic inflammatory, toxic effects and 

immunological reaction.  

Mechanical compatibility of CoCrMo alloy is in regard to its characteristics of 

having corrosion-resistant, non-magnetic and wear-resistant. Perfect corrosion 

resistance of the CoCrMo alloy results from the existence of highly thin passive 

oxide film that occurs on the material surface. Excellent corrosion resistance of the 

material arises from the presence of an extremely thin passive oxide layer that 

spontaneously forms on the alloy surface. When CoCrMo alloy exposed to air, thin 

passive oxide film occurred on the material. X-Ray photoelectron spectroscopy 

(XPS) results demonstrate that its structure is especially Cr2O3 oxide with small 

addition from Mo and Co oxide. The thickness of the oxide layer is 1.8 nanometers 

(Milosev and Strehblow 2003). Thin oxide layers also occurs on the other implant 

surfaces such as stainless steels, titanium and its alloys and help as a block to 

corrosion processes in alloy structures. In the lack of thin oxide layers, the driving 

force for corrosion of metallic implants are so high (Türkan 2004).  

CoCrMo alloy is also known as osteocompatible material. It refers that bone 

generating cells (osteoblasts) can colonize on the material surface and create new 

bone tissue (Sato and Webster 2004, Çağlar 2007).  

1.3 Silk Fibroin 

Silk Fibroin (SF) is a natural polymer biosynthesized by several of spiders and 

insects. The most defined silks are produced by the domestic silkworm Bombyx mori, 

which has been utilized in textile manufacture, clinical sutures and lately as a 

scaffold for tissue regeneration due to its noticeable mechanical properties (Bunning, 
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Jiang et al. 1993, Kaplan, Mello et al. 1997, Holmes 2002, Zhang, Yan et al. 2009, 

Wenk, Merkle et al. 2011). The mechanical features of several types of silk are 

showed in Table 1.1. Bombyx mori silk is made up of two types of protein, sericin 

and fibroin. Sericin is the water-soluble glue-like protein that encircles and links the 

fibroin fibers, fibroin is the constructional fibrous protein and forms 70% of the 

whole silk (Magoshi, Magoshi et al. 1996). Sericin can be quickly seperated from the 

silk fiber by a traditional degumming procedure (process of silk fibers with an alkali 

salt solution at 100 °C).  

Table 1.1 : The mechanical features of several types of silk, adapted from (Altman, 

Diaz et al. 2003). 

Material Ultimate 

Tensile 

Strength 

(MPa) 

Modulus of 

Elasticity 

(GPa) 

% Strain at 

Break 

Bombyx mori silk 

with sericin 

500 5-12 19 

Bombxy mori silk 

without sericin 

610-690 15-17 4-16 

Spider Silk 875-972 11-13 17-18 

SF is described by recurrent hydrophobic and hydrophilic peptide series (Hofmann, 

Foo et al. 2006) and is formed heavy and light chain polypeptides of ∼390 kDa and 

∼26 kDa, respectively, connected with a disulfide bond at the C-terminus of the two 

subunits. The principal construction of Bombyx mori SF biopolymer is defined by the 

existence of three amino acids in an approximately 3:2:1 ratio: glycine (45%), 

alanine (30%), and serine (12%); and the series is prevailed by [Gly-Ala-Gly-Ala-

Gly-Ser]n. Besides that, SF chains cover amino acids with bulky and polar side 

chains, especially valine, acidic amino acids and tyrosine (Mondal, Trivedy et al. 

2007). The chemical structure of SF is represented in Figure 1.2. 
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Figure 1. 2 : Chemical structure of silk fibroin, adapted from (Serianni). 

Two different conformations, silk I (α-helix, random coil) and silk II (β-sheet) are 

defined as the major secondary structures of SF. Silk I is the water-soluble 

conformation of fibroin that simulates its liquid texture in the silkworm glands. On 

the other hand, silk II is the well-aligned anti-parallel β-sheet structure of the water-

insoluble spun fibers. In β-sheet structure, the polypeptide chains are oriented and 

neighboring chains are linked with hydrogen bonds (>C=O⋅⋅⋅HN<) (Yamada, Tsuboi 

et al. 2003). The widespread way to dominate SF in β-sheet conformation and hence 

activate water insolubility is a treatment with methanol (Marsh, Corey et al. 1955, 

Asakura, Kuzuhara et al. 1985, Ishida, Asakura et al. 1990, Monti, Freddi et al. 

1998). In addition to, high temperatures (Motta, Fambri et al. 2002), a pH near the 

isoelectric point of SF (around 3.9), the use of salts (Dicko, Kenney et al. 2004, Kim, 

Park et al. 2004, Zong, Zhou et al. 2004, Wang, Wenk et al. 2007) and shear-force 

(Jin and Kaplan 2003, Xie, Zhang et al. 2006) were demonstrated to enhance its β-

sheet content. Subject to water vapor has been represented to be an option to activate 

water insolubility (Min, Jeong et al. 2006, Wenk, Wandrey et al. 2008). Furthermore 

slow freezing rates helps to enhance the β-sheet based crystallinity (Li, Lu et al. 

2001, Nam and Park 2001). Crystallinity is the base for the excellent mechanical 

strength of SF. However, an extreme raise in crystallinity decreases its flexibility and 

occur more brittle materials. Annealing in water or water vapor treatments were 

represented to lead to less β-sheet conformation and keep better elasticity as against 

to methanol treatments (Asakura, Kuzuhara et al. 1985, Jin, Park et al. 2005). 
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Recently published silk III structure of fibroin indicates its surfactant behaviour and 

constructs at the water-air interface in thin films (Valluzzi, Gido et al. 1999). 

In the recent times, the utilization of SF as a biomaterial has enlarged for researches 

in vitro and in vivo owing to the unique integration of structural, biocompatible and 

mechanical characteristics indicated by this biopolymer (Sakabe, Ito et al. 1989, 

Santin, Motta et al. 1999, Park, Ha et al. 2001). Schematic representation of features 

of fibroin is shown in Figure 1.3.  

 

Figure 1.3 : Schematic representation of features of fibroin, adapted from (Mondal, 

Trivedy et al. 2007). 

SF is known to possess a biological response parallel to such other substances as 

polystyrene, and is nowadays a common option for biomaterial applications such as 

tissue-engineering scaffolds (Sofia, McCarthy et al. 2001). SF also has been utilized 

as a scaffold for hepatic tissue, cartilage, anterior cruciate ligaments, reticular 

connective tissue and bone formation (Sofia, McCarthy et al. 2001, Altman, Horan et 

al. 2002, Dal Pra, Freddi et al. 2005, Hu, Lv et al. 2006, Silva, Motta et al. 2008). 

The other applications for SF as a biomaterial cover wound dressings, drug delivery 

systems and contact lenses. 

SF represents great biodegradability, low inflammatory response, and good 

antithrombogenic features. These characteristics are necessary for biocompatible 

materials, and it is supposed that SF will be a powerful polymer for many 

biocompatible studies (Bailey 2013).  

Layer-by-layer (LBL) assembly of materials is the potential method to change 

surface features (Decher 1997). LBL deposition can be used to make SF-based 

biomaterials. In the literature, anisotropic chitosan (CHI) and SF multilayer films on 

a solid substrate were assembled using LBL technique (Nogueira, Swiston et al. 



7 

2010). CHI/SF fiber coating can simultaneously increase biocompatibility and 

stimulate the administrable growth (via film surface chemistry and morphology) of 

inorganic crystals in a well-defined direction. In another research, a fully aqueous 

stepwise coating process of SF on a solid substrate is reported (Wang, Kim et al. 

2005). The distinction with this process from conventional polyelectrolyte layer-by-

layer method is that an interposing drying treatment was utilized to check the 

stability and structure of the self-assembled SF. The multilayer films were stable 

under physiological situations and promoted human bone marrow stem cell adhesion, 

differentiation and growth. In another application, Kozlovskaya et al. investigated 

that the ability of SF to LBL assemble with such synthetic (poly-(methacrylic acid) 

(PMAA) and poly(N-vinylcaprolactam) (PVCL)) and natural polyphenol, tannic acid 

(TA)) molecules, at low and neutral pH values (Kozlovskaya, Baggett et al. 2012). 

They explored that linking SF with biocompatible materials via hydrogen bonding 

holds a remarkable prospect for constructing new biomimetic materials with 

controlled features and enhanced biological compatibility. In another study, Wang et. 

al. prepared SF through the LBL deposition process and used as carriers to 

incorporate model drugs such as Rhodamine B, Even Blue and Azoalbumin (Wang, 

Hu et al. 2007). These new coatings supplied an ideal choice to regulate morphology, 

structure and hence release kinetics. Kino et al. fabricated multilayered films 

comprising of SF and hydroxyapatite (HAp) by consecutive lamination utilizing 

untreated SF and HAp-deposited SF films (Kino, Ikorna et al. 2007). The 

conclusions demonstrated that HAp-deposited SF films and SF films display equal 

degrees of cell adhesion and alkaline phosphatase activities. Recently, Li et al. 

created multilayered SF films incorporating sulfadiazine sodium (SD) using different 

concentrations of SD (Li, Tang et al. 2013). They found that the SF incorporating SD 

has great characteristics and it has the facility to be utilized as artificial skin for 

burned patients. In another examination Mandal et al. researched that LBL films 

based on SF and gelatin in aqueous solution for controlled drug release utilizing three 

different molecular weight model compounds (Mandal, Mann et al. 2009). The 

release profile of model compounds displayed relevant on multilayer film 

degradation for sustained release. The release kinetics was assessed as a function of 

gelatin multilayers proposing their potential act in limiting initial burst causing 

continuous compound release. Lately, Shchepelina et al. used a one component silk-

on silk LBL method to create such biodegradable and biocompatible microcapsules 



8 

(Shchepelina, Drachuk et al. 2011). The silk microcapsules displayed great stability 

and superior permeability which was easily controlled by the thickness of the shells. 

In another study, Chi et al. fabricated multilayered films comprising of SF and 

chitosan (CHI) on titanium thin film surfaces utilizing LBL method (Cai, Hu et al. 

2007). In vitro studies represented that CHI/SF multilayers increased cell 

biocompatibility of titanium. Recently, Vidal et al. indicated that SF functionalized 

with titanium binding peptide (TiBP) and fibronectin-derived arginine–glycine–

aspartic acid (RGD) showed an encouraging attempt to alter cell-biomaterial 

interfaces, starting novel aspects for implantable medical materials (Vidal, Blanchi et 

al. 2013).  

1.4 Hyaluronic Acid 

Hyaluronic acid (HA) is a natural and unbranched polymer consisted of disaccharide 

repeats of D-glucuronic acid (GlcUA) and N-acetylglucosamine (GlcNAc) connected 

alternately by β-1, 3 and β-1, 4 glycosidic bonds with a molecular weight up to 10
7
 

Daltons (Da) (Long Liu 2011). The chemical structure of HA is represented in Figure 

1.4.  

Karl Meyer and John Palmer isolated a new material from the vitreous body of cows’ 

eyes in 1934. They discovered that the matter comprised of an uronic acid and an 

aminosugar, and called the polysaccharide “hyaluronic acid” from hyaloid (vitreous) 

+ uronic acid (Meyer and Palmer 1934).  

HA is a member of the glycosaminoglycans (GAGs), being structurally the most 

basic among GAGs. It is also the only one not covalently linked to a core protein, not 

synthesized in Golgi apparatus, and the only non-sulfated GAGs (Grigorij Kogan 

2007). 

 

Figure 1.4 : Chemical structure of hyaluronic acid, adapted from (Carole E. Schanté 

2011). 
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HA is almost everywhere in the human organism and in other vertebrates. The large 

amounts of HA are observed in the extracellular matrix (ECM) and soft connective 

tissues (Laurent 1998). 

HA is also found in the capsules of some bacteria (e.g., strains of Streptococci), but 

is not present in fungi, insects and plants. The highest amount by far of HA is present 

in rooster combs. Recently, a detailed study of the sources from which HA can be 

separated has been researched (Aviva Shiedlin 2004). A short tabulation of the 

existence of HA in several animal tissues and its concentration is showed in Table 

1.2 (Grigorij Kogan 2007). 

Table 1.2 : Existence of HA in several animal tissues and its concentration, adapted 

from (Grigorij Kogan 2007). 

Tissue or Body Fluid Concentration 

(µg/ml) 

Rooster comb 7500 

Human umbilical cord 4100 

Human joint 

(synovial) fluid 

1400-3600 

Bovine nasal cartilage 1200 

Human vitreous body 140-340 

Human dermis 200-500 

Human epidermis 100 

Rabbit brain 65 

Rabbit heart 27        

Human thoracic 

lymph 

0.2–50 

Human urine 0.1–0.3 

Human serum 0.01–0.1 

HA is frequently used in biomedical industry such as applications of orthopedic, 

antiadhesion, cardiovascular, dermatology and wound-healing. On the other side HA 

is very effective for ophthalmologic surgery and viscosupplementation (Necas, 

Bartosikova et al. 2008). HA has crucial importance in skin. It can change 

compressibility and dermal volume due to immobilizing water in tissue. It can effect 

differentiation, tissue repair and cell proliferation. The changes in HA observed with 

wound healing, ageing and degenerative diseases further evidence its significance 

(Juhlin 1997).  

HA exists in cartilage in low content but it functions as a serious structural material 

of the matrix. It generates an aggregation center for aggregan, a large chondrotin 
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sulfate proteoglycan that keeps its macromolecular assembly in the matrix because of 

particular HA-protein interplay (Prehm 2000). 

The high concentration of high molar mass of HA supports essential lubrication for 

the joint in synovial fluid. It plays an important role as shock absorber, decreasing 

friction of the moving bones and minimizing wear of the joint (Soltes, Mendichi et 

al. 2006). HA is also commonly preferred in medicine due to non-inflammatory 

properties. It is known as an inert biomaterial. 

In physiological situations, HA is known as a polyanion and its pKa value is 

predicted to be 2.9 (Soltes and Mendichi 2003). Another study in the literature 

represented that the pKa value of HA is 2.5 (Malay, Bayraktar et al. 2007). Even at 

dilute concentrations e.g. 0.1 wt%, HA is an extremely viscous solution. The models 

of hyaluronic acid behaviour in solution is represented in Figure 1.5 (Hardingham 

2004). Light scattering and intrinsic viscosity studies submitted that HA chains 

adopts an expanded ‘somewhat-stiff’ random coil conformation in solution (Laurent 

and Gergely 1955, Lapcik, Lapcik et al. 1998). It is known that at pH 2.5 HA 

solutions were presented a ‘paste-like’ structure on gentle shaking and more elastic 

(Gibbs, Merrille et al. 1968), which was based to emphasised stiffening of HA 

chains. It was evaluated to come about in consequence of a critical balance between 

the attractive and repulsive interactions functioning among the molecular chain 

structures (Malay 2005). On the other hand, it was published that HA has a more 

compact, flexible random coil form at alkaline pH (Ghosh, Kobal et al. 1993).  
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Figure 1.5 : Models of HA structure in solution, adapted from (Hardingham 2004).  

Layer-by-layer (LBL) assembly of materials is the potential method to change 

surface features (Decher 1997). LBL deposition can be used to make HA-based 

biomaterials. In recent times, LBL deposition of HA and chitosan has been published 

as a technique of reconstruction for damaged blood vessels (Thierry, Winnik et al. 

2003). In another research, nonbiofouling HA micropatterns were utilized to 

immobilize cells and proteins to glass surfaces. Following ionic deposition of poly-l-

lysine (PLL) to HA patterns was applied to change the HA surfaces from cell 

repulsive to adherent by this way helping the adhesion of a second cell type. The 

benefit of this application to pattern co-cultures of hepatocytes or embryonic stem 

cells with fibroblasts was represented (Khademhosseini, Suh et al. 2004). Chua et al. 

fabricated on titanium via polyelectrolyte multilayers (PEMs) of HA and chitosan 

(CHI) incorporated with surface-immobilized cell-adhesive arginine-glycine-aspartic 

acid (RGD) peptide (Chua, Neoh et al. 2008). This multilayer film enhanced 

biocompatibility and displayed durable antibacterial characteristics on titanium 

surfaces. Recently, Li et al. researched that collagen (COL)/HA PEMs coating on 

titanium surface (Li, Luo et al. 2012). In vitro studies represented that multilayer 

coating on titanium could speed up the proliferation and differentiation of 

preosteoblasts cells. Another group modified polyethylene terephthalate (PET) 

artificial ligament grafts with LBL self-assembled coatings of (HA) and cationized 

gelatin (CG) (Li, Chen et al. 2012). Attributed the conclusions they represented that 

PET grafts deposited with HA/CG have remarkable importance as substitutes for 

ligament reconstruction. Schneider et al. deposited cationic modified hyaluronan 

(HA
+
) and hyaluronan (HA) of controlled thicknesses with LBL technique 
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(Schneider, Picart et al. 2007). They demonstrated that NIH3T3 fibroblasts were 

excellently viable on multilayer films with but preference for HA ending films. 

1.5 Complex Coacervation of Silk Fibroin and Hyaluronic Acid 

The research on interplay between protein and polysaccharide has been broadly 

subjected to many scientists in connection with its various applications in biomedical 

and biotechnological studies (Malay, Bayraktar et al. 2007).  

Two kinetic processes occur when protein and polysaccharide are mixed. They are 

called as complex coacervation or phase separation. A thermodynamic phase 

separation occurs if the polysaccharide and protein are incompatible. In this system, 

protein and polysaccharide repel each other. In other respects, the biopolymers blend 

excluding the solvent from their environment, if the protein and polysaccharide 

attract each other thanks to electrostatic interactions. It brings about to the formation 

of protein-polysaccharide complexes (Tolstoguzov 2003, Turgeon, Beaulieu et al. 

2003). The phase separation of a liquid polymer rich-phase from a macromolecular 

solution is defined as complex coacervation. This system presents the separation of 

two immiscible liquid phases in a colloidal system. Coacervate is the more 

concentrated phase in colloidal component and equilibrium solution is the other 

phase (de Kruif, Weinbreck et al. 2004). 

Protein-polysaccharide coacervates are especially significant in, protein purification 

(Wang, Gao et al. 1996), enzyme immobilization (Jiang and Huang 2004), antigen 

delivery (Burgess and Ponsart 1998), design and production of biomaterials for cell 

micropatterning (Magnin, Dumitriu et al. 2003) and stabilization of food products 

(Jones, Lesmes et al. 2010). 

In the literature, electrophoretic mobilities (μe) of silk fibroin/hyaluronic acid were 

researched to determine the most suitable area for the formation of the electrostatic 

complexes (Malay, Bayraktar et al. 2007). At pH 3.90, a zero value was determined. 

This value demonstrated that pH 3.90 is the isoelectric point (IEP) of silk fibroin. 

Electrophoretic mobility analysis represented that SF is positively charged under the 

pH 3.90, whereas over the pH 2.50 HA is negatively charged. Therefore, complex 

coacervation of SF/HA was thought between pH 2.50-3.90. Electrophoretic mobility 

of 0.1 wt% biopolymer dispersions at 20 ◦C is showed in Figure 1.6. 
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Figure 1.6 : Electrophoretic mobility of 0.1 wt% biopolymer dispersions at 20 
◦
C, 

adapted from (Malay, Bayraktar et al. 2007). 

In the literature, turbidimetric titration method under acidification was also applied to 

get qualitative data about the complexation of SF/HA (Malay, Bayraktar et al. 2007). 

This data showed that complexation between SF/HA was pH 2.50-3.50. The titration 

graph of SF/HA mixtures for the total biopolymer concentration (Cp) 0.5% at SF:HA 

weight ratio (R) of 32:1 is represented in Figure 1.7. At pH above the IEP of SF, both 

HA and SF are negatively charged and therefore repulsive coulombic forces inhibited 

the complexation. In this zone, SF/HA mixtures were soluble and turbidity was 

stable. At pH under the IEP of SF gave rise to increase in turbidity. And also as 

displayed in Figure 1.7, at stable Cp, as SF:HA ratio was diminished, maximum 

turbidity value decreased, which represented that silk fibroin was the limiting 

polymer for the coacervation. 

For the biopolymer mixtures, two-step increase and symmetrical decrease was 

showed in Figure 1.7. It was thought as the evidence of pH-induced complex 

coacervation between polymers. Eq. (1.1) represents electrostatic interaction between 

the SF and HA (Malay, Bayraktar et al. 2007). 

[HA-COO
-
]+[SF-NH3

+
]  [HA-COO

-
][ NH3

+
-SF]      (1.1) 
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Figure 1.7 : Turbidity of SF-HA system as a function of pH for SF:HA ratio of 32:1 

(□) and 16:1 (Δ) for Cp=0.5%, adapted from (Malay, Bayraktar et al. 2007). 

1.6 Layer-by-Layer Deposition 

Layer-by-layer (LBL) or electrostatic self-assembly (ESA) is a general method to 

fabricate multilayer films. This technique pioneered by Iler (Iler 1966) further 

idealized by Decher et al. (Decher, Hong et al. 1992, Decher 1997) is attributed to 

the serial deposition of oppositely charged polyelectrolytes, forming interpenetrating 

layers of polymeric complexes as shown in Figure 1.8. This method is a common and 

versatile way for the controlled production of multimaterial surface coatings on a 

wide range of surfaces (Decher 1997, Decher 2003). 
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Figure 1.8 : Diagrammatic of LBL self-assembly of a multilayer coating by 

consecutive adsorption of oppositely charged polyelectrolytes, adapted from (Xiang, 

Lu et al. 2012). 

Self-assembled multilayer structures can be constructed utilizing different materials 

such as synthetic or natural polyelectrolytes, clay platelets or colloidal particles, a 

wide variety of proteins and inorganic complexes and clusters (Leguen, Chassepot et 

al. 2007). 

These multilayer structures have been investigated for utilize in a number of 

technologies, covering biological, (Lee, Cohen et al. 2005, Swiston, Cheng et al. 

2008) wetting, (Zhai, Berg et al. 2006, Su, Li et al. 2009) optical, (Wu, Lee et al. 

2007) and antifogging (Cebeci, Wu et al. 2006) applications. 

Electrostatic interaction is the primarily driving force for layer-by-layer assembly, 

but the technique can also contain hydrogen bonding, charge-transfer interactions, 

short-range hydrophobic interactions and van der Waals interactions (Kotov 1999, 

Lojou and Bianco 2004). 

LBL technique presents potential benefits, containing ease of preparation, versatility, 

ability of combining high loading several kinds of biomolecules within the films, 

good control over materials texture, and stability under physiological and ambient 

conditions (Wang, Kim et al. 2005, Johnston, Cortez et al. 2006). 
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2.  EXPERIMENTAL SECTION 

2.1 Materials 

Cobalt-chromium-molybdenum (CoCrMo) alloy, specified in ISO 5832-3 which has 

nominal composition of 1 % Ni, 0.75 % Fe, 1.0 % Mn, 1.0 % Si, 0.35 % C, 0.25 % 

N, 5 % Mo, 26 % Cr and balance Co (all in wt %), used in this study. The specimen 

geometry was designed as a disk, having 10 mm diameter and 2 mm thickness. 

Before the coating process all the specimens were polished to mirror like quality. 

CoCrMo alloy was supplied from TIPSAN TIBBİ ALETLER SAN. ve TİC. A.Ş. 

(İzmir/Turkey). Silk Fibroin (SF) was supplied in reeled form from Bursa Institute 

for Silkworm Research (Bursa/Turkey). Hyaluronic acid (HA) sodium salt (MW: 

1,600,000 Da, form Streptococcus equi) was purchased by Fluka-BioChemica 

(Buchs, Switzerland) in powder form. Ethanol (absolute GR for analysis) and 

methanol was supplied from Merck (Darmstadt, Germany). Sodium carbonate 

(99.5+%) was taken from Aldrich-Chemie (Steinheim, Germany). Calcium chloride-

2-hydrate was purchased from Riedel-de Haën (Seelze, Germany). Dialysis tubing 

(MW Cut-off: 12,000-14,000) was supplied from Sigma (St. Louis, MO, USA). 

Deionized water was used during all experiments. 

For antimicrobial study, methicillin susceptible Staphylococcus aureus (S. aureus) 

American Type Culture Collection (ATCC) 29213 was kindly gifted from IZTECH 

Biochemical Engineering Research Laboratory. Levofloxacin (trade name Tavanic) 

was purchased in solution form. Nutrient broth was taken from Merck (Darmstadt, 

Germany).  

2.2 Methods 

Experimental methods were separated to three parts. The first part contained the 

preparation of SF and HA stock solutions. Second part clarified the fabrication of 

multilayer films on CoCrMo alloys. This part divided into four parts in itself: 1) 

multilayer silk fibroin films on CoCrMo alloys, 2) multilayer SF/HA complex films 
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on CoCrMo alloys, 3) multilayer SF/HA layer-by-layer (LBL) films on CoCrMo 

alloys, 4) levofloxacin loaded multilayer SF/HA complex and LBL films on CoCrMo 

alloys. Third and final part consisted of the determination of antimicrobial activities 

of SF/HA complex and LBL films on CoCrMo alloys.  

2.2.1 Preparation of SF and HA stock solutions 

Silk fibroin (SF) solution was prepared by following procedure of degumming and 

dissolution as shown in Figure 2.1. To remove sericin, along the degumming process, 

raw silk was kept in 50 times (v/w) of boiling aqueous 0.05% Na2CO3 for 30 minutes 

and this operation was done three times. After each process, it was washed with 

deionized water and the degummed silk was left drying at room temperature. To get 

aqueous SF solution, 1.2 g degummed silk was put into 20 times (v/w) of Ajisawa’s 

solution (CaCl2/ethanol/water, 111/92/144 in weight) in a Schott bottle. To create a 

clear solution, the mixture was stirred at 78 °C for 2 hours in a water bath. After two 

hours, SF solution was dialyzed against deionized water for at least 3 days at 4 °C to 

remove the neutral salts using a cellulose tubing. Dialysis water was changed 

frequently. At the end of the 3 days, the dialyzed fibroin solution was filtered with a 

Filtrak 389 filter paper (Barenstein, Germany) by means of vacuum pump to achieve 

pure aqueous solution. After the filtration process, final fibroin solution 

concentration was about 1-2% (w/v). Step-by-step preparation of aqueous silk fibroin 

solution from raw silk was shown in Figure 2.1. 

Hyaluronic acid (HA) was purchased in powder form and it was soluble in water.  

Along the dissolution process, it is known that HA particles can easily coagulate. For 

this reason, HA solution was stirred overnight to make solubilization.  
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Figure 2.1 : Step-by-step preparation of aqueous silk fibroin solution from raw silk.  

2.2.2 Fabrication of multilayer films on CoCrMo alloys 

This part divided into four parts in itself. It was planned to investigate the effect of 

solution pH of different multilayer coatings on CoCrMo alloys. Therefore three 

different pH values were chosen: 3.0, 3.5 and 5.5, In the literature, the isoelectric 

point (IEP) of SF was given at pH 3.9 (Malay, Bayraktar et al. 2007). Electrophoretic 

mobility experiments demonstrated that SF was in the protonated form, positively 

charged, below pH 3.9, whereas HA was in the deprotonated form above the pH 2.5, 

and therefore negatively charged. SF/HA complexes were occurred within the pH 

range of 2.5-3.5, disregarding of the biopolymer ratio, mixing order and total 

biopolymer concentration (Malay 2005). It was observed that SF was positively 

charged at pH 3.0 and 3.5 whereas SF was negatively charged at pH 5.5. HA was 

negatively charged at pH 3.0, 3.5 and 5.5.  

During the all experiments, dip coating machine (NIMA Technology Ltd./UK) was 

utilized for the coatings on CoCrMo alloy. Figure 2.2 represents typical dip coating 

machine used in all experiments.  
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Figure 2.2 : Typical dip coating machine used in all experiments. 

2.2.2.1 Multilayer SF films on CoCrMo alloys 

CoCrMo alloy discs cleaned in ethanol for 15 minutes, then in deionized water for 15 

minutes, and dried with N2 gas. Stock SF solution was dissolved in deionized water 

with a concentration of 5 mg/mL. SF was positively charged at pH 3.0 and 3.5, 

whereas it was negatively charged at pH 5.5. Silk fibroin solution was coated on 

CoCrMo alloy by following the same procedure in each pH value. CoCrMo alloy 

discs were immersed in SF solution for 10 minutes. After SF adsorption, CoCrMo 

alloy discs were washed with methanol:water mixture (volume ratio 70:30) for two 

minutes. Then, CoCrMo alloy discs dried with N2 gas. The process of coating, 

washing and drying were repeated according to the required number of layers 

fabricated. At the end of the experiments, six, ten and fourteen layers of silk fibroin 

films, coded as (SF)6, (SF)10, (SF)14, were obtained on CoCrMo alloys in each pH 

values, 3.0, 3.5 and 5.5, respectively. 

2.2.2.2 Multilayer SF/HA complex films on CoCrMo alloys 

The same cleaning procedure was applied to the CoCrMo alloys before complexation 

process. Stock SF solution was dissolved in deionized water with a concentration of 
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5 mg/mL. HA aqueous solution was prepared with a concentration of 5 mg/mL. It 

was known that complex coacervation of SF/HA is within the range of pH 2.5-3.5 

(Malay, Bayraktar et al. 2007). SF and HA mixtures for the Cp’s (total biopolymer 

concentration) of 0.5 wt% at constant SF:HA weight ratio (R) of 32:1 were coated on 

the CoCrMo alloys. After the coating process, CoCrMo alloy discs were washed with 

methanol:water mixture (volume ratio 70:30) for two minutes. After that, CoCrMo 

alloy discs dried with N2 gas. The process of coating, washing and drying were 

repeated according to the required number of layers fabricated. At pH 3.0 and 3.5, SF 

and HA mix solution was in the complex coacervation range. SF/HA complex 

solution was expected to carry both negatively charged at pH 5.5. After all the 

experiments, six, ten and fourteen layers of SF/HA complex films on CoCrMo alloys 

obtained at pH 3.0, 3.5 and 5.5 and these films were coded as (SF/HA complex)6, 

(SF/HA complex)10, (SF/HA complex)14, respectively. 

2.2.2.3 Multilayer SF/HA LBL films on CoCrMo alloys 

The same cleaning procedure was applied to the CoCrMo alloys before the coating 

process. Stock SF solution was dissolved in deionized water with a concentration of 

5 mg/mL. HA aqueous solution was prepared with a concentration of 5 mg/mL. At 

pH 3.0 and 3.5, CoCrMo alloy was immersed in positively charged SF solution for 

10 minutes. After SF adsorption, CoCrMo alloy discs were washed with 

methanol:water mixture (volume ratio 70:30) for two minutes. Then, CoCrMo alloy 

discs dried with N2 gas. Following the process at pH 3.0 and 3.5, CoCrMo alloy was 

immersed in negatively charged HA solution for 10 minutes. Then, these discs were 

washed with methanol:water mixture (volume ratio 70:30) for two minutes. 

Thereafter, CoCrMo alloy discs dried with N2 gas. The process of coating, washing 

and drying were repeated according to the required number of layers fabricated. The 

same procedure was repeated at pH 5.5. In this pH, SF and HA were both negatively 

charged. At the end of the experiments, six, ten and fourteen layers of SF/HA layer-

by layer films on CoCrMo alloys obtained at pH 3.0, 3.5 and 5.5 and they were 

coded as (SF/HA LBL)3, (SF/HA LBL)5, (SF/HA LBL)7, respectively. 
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2.2.2.4 Levofloxacin loaded multilayer SF/HA complex and LBL films on 

CoCrMo alloys 

The same cleaning procedure was applied to the CoCrMo alloys before the coating 

process. LBL and complex coating processes on CoCrMo alloys were described in 

the previous parts. A specific antibiotic called levofloxacin was loaded into the 

SF/HA complex and LBL films. Antibiotic loading films were coded as (SF/HA 

complex + Levofloxacin) and (SF/HA LBL + Levofloxacin) on CoCrMo alloys. The 

working solution pH for levofloxacin loaded complex and LBL coatings was 3.5. 

Levofloxacin was loaded for only fourteen layers films on CoCrMo alloys. The 

minimum inhibitory concentration (MIC) value of levofloxacin for Staphylococcus 

aureus (S. aureus) strain ATCC 29213 was 0.25 mg/L (Smith, Baltch et al. 2000). 

And for these coatings, levofloxacin loading concentration was 3×MIC. For (SF/HA 

complex + Levofloxacin)14 on CoCrMo alloy at pH 3.5, levofloxacin was loaded to 

complex at each layers of film. On the other hand, for (SF/HA LBL + Levofloxacin)7 

on CoCrMo alloy at pH 3.5, levofloxacin was loaded to SF only at 1., 7. and 13. 

layers into the film.  

2.2.3 Determination of antimicrobial activites of SF/HA complex and LBL films 

on CoCrMo alloys 

S. aureus was resuscitated on nutrient agar. Absorbance values of overnight grown 

culture was measured and adjusted to 0.5 McFarland unit. Initial concentration of 

microbial culture was 10
6
 colonies. Control group, as received CoCrMo alloy and 

(SF/HA complex)14, (SF/HA LBL)7, (SF/HA complex + Levofloxacin)14, (SF/HA 

LBL + Levofloxacin)7 films on CoCrMo alloys at pH 3.5 were immersed in nutrient 

broth and S. aureus was inoculated. After 24 hour incubation at 37°C and 70 rpm, 

microbial suspension was diluted serially and plated on nutrient agar to count colony 

forming units. Colonies formed was counted by naked eye observation.  

2.3 Characterization Techniques  

2.3.1 ATR-FTIR analysis 

Attenuated Total Reflectance–Fourier Transform Infrared (ATR-FTIR) spectroscopy 

was utilized to obtain knowledge about functional groups present in a material. The 
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range of the wavenumber used in this research was between 3600 and 800 cm
-1

. 

Infrared spectra of the as received CoCrMo alloy and prepared films on CoCrMo 

alloys were obtained by using a Digilab Excalibur Series FTIR spectrometer.  

2.3.2 XRD analysis 

Phase structures and crystalline forms of the films were investigated by X-ray 

diffraction (XRD) analysis. Philips X’Pert Pro diffractometer was used in this study. 

The operating conditions were 45 kV and 40 mA. Cu Kα, radiation, λ= 0.154 nm. 

Samples were scanned for diffraction angles 2θ
°
 = 20-120

°
.
 
 

2.3.3 SEM analysis 

Scanning Electron Microscopy (SEM) images were taken by Philips SFEG 30S and 

FEI Qanta 250 FEG instruments. SEM was used for defining the morphology of the 

materials before and after adsorption.  

2.3.4 AFM analysis 

Atomic Force Microscopy (AFM) surface characterization was operated in tapping 

mode using commercial Scanning Probe Microscopy instrument (Solver Pro 7 from 

MNT-MDT, Russia).  
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3.  RESULTS AND DISCUSSION 

3.1 ATR-FTIR Results 

ATR-FTIR spectroscopy was used to identify the features of six, ten and fourteen 

layer films on CoCrMo alloys and as received CoCrMo alloy. IR (Infrared) spectra in 

the 1800-800 cm
-1

 region of control can be a dactylogram of multilayer films. In this 

range, IR spectrum includes different bands associated with various structural and 

chemical properties of the films. On the other hand, to observe the hydrogen bonds in 

the multilayer films, second graph was drawn in the 3600-1800 cm
-1 

range for 

fourteen layers films on CoCrMo alloy. This section is mainly divided into five parts: 

ATR-FTIR results of 1) as received CoCrMo alloy, 2) silk fibroin films on CoCrMo 

alloys, 3) (SF/HA complex) films on CoCrMo alloys, 4) (SF/HA LBL) films on 

CoCrMo alloys and 5) levofloxacin loaded SF/HA complex and LBL films on 

CoCrMo alloys. 

Silkworm SF from B. mori is formed mainly Gly and Ala repetitions that dominate 

the construction. SF chain occurs two main polypeptide sequences, crystalline and 

less ordered blocks that consecutive regularly. The main sequence of the crystalline 

section is of –(Ala-Gly)n- that accepts a β-sheet structure (silk II conformation), but 

the less ordered sections include additional amino acids, especially valine, acidic and 

tyrosine and also basic amino acids (Bini, Knight et al. 2004, Wang, Kim et al. 

2005). The primary distinctions locate in the position of absorption bands of amide I, 

amide II and amide III projecting the various ratio among intra- and inter-molecular 

hydrogen bonds (Cilurzo, Gennari et al. 2011). In the literature, amide I (-CO- and –

CN- stretching) appeared to be in the area of 1655-1660 cm
-1

, amide II (-NH- 

bending) in the area of 1531-1542 cm
-1

 and amide III (-CN- stretching) at 1230 cm
-1

 

are based to silk I (random coil) structure. In other respects, amide I appeared to be 

in the area of 1620-1630 cm
-1

, amide II in the area of 1515-1530 cm
-1

 and amide III 

at 1231-1260 cm
-1

 are based to silk II (β-sheet structure) (Wang, Li et al. 1998, 

Freddi, Tsukada et al. 1999, Ayutsede, Gandhi et al. 2005). 
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Table 3.1 below also showed characteristic IR absorptions for silk I and silk II 

conformations. Silk II is an antiparallel β-sheet in which protein chains are aligned 

and neighboring series are linked with H-bonds between carbonyl and amine 

functional groups (Wang, Kim et al. 2005). It is known that silk II conformation (β-

sheet conformation) occured even without methanol treatment. As SF-based matters 

are generally treated with methanol, a conformation transition is stimulated from silk 

I to silk II to make them insoluble and to increase mechanical characteristics (Chen, 

Shao et al. 2001, Chen, Shao et al. 2007, Chen, Knight et al. 2009, Ling, Qi et al. 

2011). On the contrary, treating the aqueous multilayer films without methanol 

represented in partial desorption of the SF molecules, causing in the lesser deposition 

rates. The occurrence of the silk II conformation may be owing to the N2 (gas) drying 

operation which may have dehydrated the structure, causing the silk II formation 

(Wang, Kim et al. 2005). In the literature, it was known that HA does not stimulate 

folding of SF into a silk II structure but HA can improve or activate this system when 

treated with methanol (Garcia-Fuentes, Giger et al. 2008). The improvement of silk 

II conformation examined for SF/HA matrices related with increased mechanical 

features: mixed matrices had better compressive moduli and better breaking strengths 

than pure SF matrices.  

Table 3.1 : Characteristic IR absorptions for silk I and silk II conformations.  

Conformation of 

Silk 

Amide I  

(-CO- and –

CN- 

stretching) 

Amide II  

(-NH- 

bending) 

Amide III  

(-CN- 

stretching) 

Silk I (random 

coil) 

1655-1660 

cm
-1

 

1531-1542 

cm
-1

 

1230  

cm
-1

 

Silk II (β-sheet) 1620-1630 

cm
-1

 

1515-1530 

cm
-1

 

1231-1260  

cm
-1

 

Table 3.2 below represented shortly principal IR absorptions for certain functional 

groups in multilayer films on CoCrMo alloys. It shows characteristic absorption 

bands in the regions of 1900-1500 cm
-1

 (carbonyl groups; C=O stretch), 1760-1690 

cm
-1 

(carboxylic acids; C=O stretch), 1550-1475 cm
-1

 (nitro groups; N-O asymmetric 

stretch), 1470-1415 cm
-1 

(alkanes; C-H bend), 1400-1300 cm
-1 

(nitro groups; N=O 

bend), 1370-1350 cm
-1 

(alkanes; C-H rock), 1320-1000 cm
-1 

(alcohols, carboxylic 

acids, esters and ethers; C-O stretch), 1000-650 cm
-1

 (alkenes; =C-H bend), 950-910 

cm
-1 

(carboxylic acids; O-H bend) and 910-665 (1°, 2° amines; N-H wag).  
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Second graphs were drawn for all fourteen layer films on CoCrMo alloys in the 

range of 3600-1800 cm
-1

. Table 3.2 also shows characteristic absorption bands in the 

regions of 3500-3200 cm
-1 

(alcohols, phenols; O-H stretch, H-bonded), 3400-3250 

cm
-1 

(1°, 2° amines, amides; N-H stretch) and 3300-2500 cm
-1 

(carboxylic acids; O-H 

stretch).  

Table 3.2 : IR absorptions for certain functional groups in multilayer films on 

CoCrMo alloys, adapted from (Boulder). 

Absorption Ranges (cm
-1

) Type of Vibration Functional Group 

Names 

3500-3200 O-H stretch, H-bonded alcohols, phenols 

3400-3250 N-H stretch 1°, 2° amines, amides 

3300-2500 O-H stretch carboxylic acids 

1900-1500 C=O stretch carbonyl group 

1760-1690 C=O stretch carboxylic acids 

1550-1475 N-O asymmetric 

stretch 

nitro groups 

1470-1415 C-H bend alkanes 

1400-1300 N=O bend nitro groups  

1370-1350 C-H rock alkanes 

1320-1000 C-O stretch alcohols, carboxylic 

acids, esters and ethers 

1000-650 =C-H bend alkenes 

950-910 O-H bend carboxylic acids 

910-665 N-H wag 1°, 2° amines 

3.1.1 ATR-FTIR results of as received CoCrMo alloy 

ATR-FTIR graph of as received CoCrMo alloy was shown in Figure 3.1. Before the 

ATR-FTIR analysis, as received CoCrMo alloy was washed with ethanol.  For this 

reason, carboxylic acids and nitro compounds peaks were dominant on the surface of 

as received CoCrMo alloy.  

The band at 1700 cm
-1

 in as received CoCrMo alloy spectra was attributed to the 

carboxylic acids (C=O stretch). Nitro compounds (N-O asymmetric stretch) peak was 

observed at 1505 cm
-1

. Besides that, the as received CoCrMo alloys showed 

characteristic peaks at 1300 cm
-1

, 1215 cm
-1 

and 1045 cm
-1 

which were based to the 

C-O stretch.  
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Figure 3.1 : ATR-FTIR spectra of as received CoCrMo alloy. 

3.1.2 ATR-FTIR results of silk fibroin films on CoCrMo alloys 

3.1.2.1 ATR-FTIR results of SF films at pH 3.0 

ATR-FTIR graphs for six, ten and fourteen layers of positively charged SF films on 

CoCrMo alloys at pH 3.0 were showed in Figures of 3.2, 3.3, 3.4 and 3.5, 

respectively. Included in the Figure 3.5 is the result of 1800-3600 cm
-1

 which was 

plotted to reveal the hydrogen bonding structures. 

ATR-FTIR graphs for SF6 and SF10 films on CoCrMo alloys were showed in Figures 

of 3.2 and 3.3, respectively. These films were presented absorption bands in the 

region of 1620-1630 cm
-1 

(amide I; -CO- and –CN- stretching), at 1530 cm
-1

 (amide 

II; -NH- bending) and at 1240 cm
-1 

(amide III; -CN- stretching), corresponding to the 

silk II conformation (β-sheet). In these coatings, dominant β-sheet conformation 

occurred thanks to methanol treatment for each washing steps. Besides that, C-O 

stretch and N-H wag were observed in Figures of 3.2 and 3.3.  

ATR-FTIR graph for SF14 film on CoCrMo alloy was showed in Figure 3.4. 

Absorption bands were presented in this graph at 1630 cm
-1 

(amide I; -CO- and –CN- 

stretching) and 1240 cm
-1 

(amide III; -CN- stretching), corresponding to the silk II 

conformation. Other absorption band was seen at 1542 cm
-1 

(amide II; -NH- 

bending), which were characteristic of the silk I structure. It was shown that silk I 

and silk II conformations were seen simultaneously in SF14 film on CoCrMo alloy at 

pH 3.0. Besides that, C-O stretch was seen for two different absorption peaks at 1125 

cm
-1 

and 1010 cm
-1

. 
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Second ATR-FTIR graph for SF14 film on CoCrMo alloy was also showed in region 

of 3600 cm
-1 

to 1800 cm
-1 

in Figure 3.5. The absorption bands at 3400 cm
-1 

and 2585 

cm
-1 

were related to O-H stretch and the band at 3285 cm
-1 

was related to N-H 

stretch. Thus, these spectral varieties were generally attributed to intra- or 

intermolecular H-bonding (Park, Lee et al. 1999, Dai, Li et al. 2002). 

 

Figure 3.2 : ATR-FTIR spectra of (SF)6 on CoCrMo alloy at pH 3.0. 

  

Figure 3.3 : ATR-FTIR spectra of (SF)10 on CoCrMo alloy at pH 3.0. 
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Figure 3.4 : ATR-FTIR spectra of (SF)14 on CoCrMo alloy at pH 3.0. 

 

Figure 3.5 : Second ATR-FTIR spectra of (SF)14 on CoCrMo alloy at pH 3.0. 

3.1.2.2 ATR-FTIR results of SF films at pH 3.5 

Six, ten and fourteen layers of positively charged SF films on CoCrMo alloys were 

analyzed at pH 3.5 by ATR-FTIR spectroscopy in Figures of 3.6, 3.7, 3.8 and 3.9, 

respectively. Absorption values of amide I (-CO- and –CN- stretching), amide II (-

NH- bending) and amide III (-CN- stretching) were attributed to both silk I and silk 

II conformations for SF6, SF10, SF14 films on CoCrMo alloys in Figures of 3.6, 3.7 

and 3.8. Besides that, O-H stretch and N-H stretch were viewed distinctly on the 

second graph of SF14 film in region of 3600 cm
-1 

to 1800 cm
-1 

in Figure 3.9. These 

spectral varieties were generally attributed to intra- or intermolecular H-bonding. 
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Figure 3.6 : ATR-FTIR spectra of (SF)6 on CoCrMo alloy at pH 3.5. 

  
 

Figure 3.7 : ATR-FTIR spectra of (SF)10 on CoCrMo alloy at pH 3.5. 

 

  
 

Figure 3.8 : ATR-FTIR spectra of (SF)14 on CoCrMo alloy at pH 3.5. 

 



30 

  
 

Figure 3.9 : Second ATR-FTIR spectra of (SF)14 on CoCrMo alloy at pH 3.5. 

3.1.2.3 ATR-FTIR results of SF films at pH 5.5 

Six, ten and fourteen layers of negatively charged SF films on CoCrMo alloys were 

characterized at pH 5.5 with ATR-FTIR spectroscopy in Figures of 3.10, 3.11, 3.12 

and 3.13, respectively. Absorption values of amide II (-NH- bending) and amide III 

(-CN- stretching) were attributed to both silk I and silk II conformations for SF6 film 

on CoCrMo alloy in Figure 3.10. But amide I (-CO- and –CN- stretching) region was 

not observed for this multilayer film. Besides that, C-H bend, N=O bend, C-O 

stretch, O-H bend and N-H wag were observed for SF6 film on CoCrMo alloy.  

Absorption values of amide I (-CO- and –CN- stretching) and amide II (-NH- 

bending) were attributed to silk I conformation for SF10 film on CoCrMo alloy in 

Figure 3.11. But amide III (-CN- stretching) region was not seen. In addition to, C-H 

bend, N=O bend, C-O stretch, O-H bend and N-H wag were determined in Figure 

3.11. 

The band position for SF14 film on CoCrMo alloy in the amide I region at 1630 cm
-1

 

represented a silk II structure because C=O groups in β-sheets were included in more 

in Figure 3.12. A parallel investigation can be related in the amide II region at 1530 

cm
-1

  on account of the silk I conformation was shifted for the silk II structure of SF14 

film. The band in the amide III region at 1240 cm
-1

 was attributed to the crystalline 

phase (silk II conformation) for SF14 film on CoCrMo alloy. In addition to, C-O 

stretch and N-H wag were identified in Figure 3.12.  

Second second graph was drawn for SF14 film on CoCrMo alloy in region of 3600 

cm
-1 

to 1800 cm
-1 

in Figure 3.13. O-H stretch and N-H stretch were seen clearly. 
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These spectral varieties were generally attributed to intra- or intermolecular H-

bonding. 

  

Figure 3.10 : ATR-FTIR spectra of (SF)6 on CoCrMo alloy at pH 5.5. 

  

Figure 3.11 : ATR-FTIR spectra of (SF)10 on CoCrMo alloy at pH 5.5. 

  

Figure 3.12 : ATR-FTIR spectra of (SF)14 on CoCrMo alloy at pH 5.5. 
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Figure 3.13 : Second ATR-FTIR spectra of (SF)14 on CoCrMo alloy at pH 5.5. 

3.1.3 ATR-FTIR results of (SF/HA complex) films on CoCrMo alloys 

3.1.3.1 ATR-FTIR results of (SF/HA complex) films at pH 3.0 

Six, ten and fourteen layers of (SF/HA complex) films on CoCrMo alloys were 

analyzed at pH 3.0 by means of ATR-FTIR spectroscopy in Figures of 3.14, 3.15, 

3.16 and 3.17, respectively. 

The IR spectrum of the (SF/HA complex)6 film on CoCrMo alloy in Figure 3.14 

represented more defined absorption bands of amide I and III, attributed to the β-

sheet structure. However, there was no absorption band in the region of amide II. A 

peak around 1450 cm
-1 

indicated the existence of C-H bend. In addition to, C-O 

stretch and O-H bend were observed for (SF/HA complex)6 film on CoCrMo alloy in 

Figure 3.14. 

As observed for (SF/HA complex)6 film, amide I and amide III regions were 

attributed to silk II conformation for (SF/HA complex)10 film on CoCrMo alloy in 

Figure 3.15. Amide II region was not seen. Besides that, C-H bend, C-O stretch and 

N-H wag were observed in Figure 3.15. 

ATR-FTIR graph for (SF/HA complex)14 film on CoCrMo alloy was shown in Figure 

3.16. This multilayer film presented absorption bands at 1655 cm
-1 

(amide I) and 

1540 cm
-1 

(amide II), corresponding to the silk I conformation. Another absorption 

band was seen at 1255 cm
-1 

(amide III), which were characteristic of the silk II 

structure. It was demonstrated that random coil and β-sheet structures were presented 

simultaneously in (SF/HA complex)14 film on CoCrMo alloy. C-O stretch was also 

observed in Figure 3.16. 
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Second graph was shown for (SF/HA complex)14 film on CoCrMo alloy in region of 

3600 cm
-1 

to 1800 cm
-1 

in Figure 3.17. O-H stretch and N-H stretch were seen 

clearly. These spectral varieties were generally attributed to intra- or intermolecular 

H-bonding. 

  

Figure 3.14 : ATR-FTIR spectra of (SF/HA complex)6 on CoCrMo alloy at pH 3.0. 

  

Figure 3.15 : ATR-FTIR spectra of (SF/HA complex)10 on CoCrMo alloy at pH 3.0. 

  

Figure 3.16 : ATR-FTIR spectra of (SF/HA complex)14 on CoCrMo alloy at pH 3.0. 



34 

  

Figure 3.17 : Second ATR-FTIR spectra of (SF/HA complex)14 on CoCrMo alloy at 

pH 3.0. 

3.1.3.2 ATR-FTIR results of (SF/HA complex) films at pH 3.5 

Six, ten and fourteen layers of (SF/HA complex) films on CoCrMo alloys were 

analyzed at pH 3.5 by means of ATR-FTIR spectroscopy in Figures of 3.18, 3.19, 

3.20 and 3.21, respectively. SF was positively charged at pH 3.5 whereas HA was 

negatively charged at this pH. All samples were treated with methanol. Amide I, II 

and III were attributed to -CO- and –CN- stretching, -NH- bending and -CN- 

stretching, respectively. ATR-FTIR analysis of (SF/HA complex)6 film on CoCrMo 

alloy in Figure 3.18 clearly showed two peaks at 1630 (amide I) cm
-1 

and 1240 cm
-1

 

(amide III). Therefore, the amide I and amide III were assigned primarily to the silk 

II structure for this complex film. The amide II region of this multilayer film had a 

strong absorption at 1540 cm
-1

, demonstrating that SF was in random coil 

conformation. It was indicated that random coil and β-sheet structures were 

presented simultaneously in (SF/HA complex)6 film on CoCrMo alloy. Besides that, 

this multilayer film showed characteristic peaks at 1415 cm
-1

 (C-H bend), 1335 cm
-1 

(N=O bend), 1165 cm
-1 

(C-O stretch), 920 cm
-1

 (O-H bend) and 825 cm
-1

 (N-H wag) 

in Figure 3.18. 

ATR-FTIR graph for (SF/HA complex)10 film on CoCrMo alloy was shown in Figure 

3.19. This multilayer film presented absorption bands at 1660 cm
-1

 (amide I)
 
and 

1542 cm
-1

 (amide II), corresponding to the silk I conformation. Other absorption 

band was seen at 1240 cm
-1 

(amide III), which was characteristic of the silk II 

structure. It was demonstrated that silk I and silk II conformations were indicated 

simultaneously in (SF/HA complex)10 film on CoCrMo alloy. In addition to, this 
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multilayer film showed characteristic peaks at 1400 cm
-1 

(N=O bend), 1125 cm
-1

 and 

1010
 
cm

-1
 (C-O stretch), 840 cm

-1 
(N-H wag) in Figure 3.19. 

ATR-FTIR spectra of (SF/HA complex)14 film on CoCrMo alloy was shown in 

Figure 3.20. This multilayer film showed absorption bands at 1530 cm
-1 

(amide II) 

and 1260 cm
-1 

(amide III), assigned to the silk II structure. However, amide I region 

was not clear. Besides that, this multilayer film showed characteristic peaks at 1690 

cm
-1 

(C=O stretch), 1460 cm
-1 

(C-H bend), 1350 cm
-1 

(N=O bend), 1180 cm
-
1, 1055 

cm
-1 

(C-O stretch), 945 cm
-1 

(O-H bend) and 845 cm
-1 

(N-H wag). 

Second graph was drawn for (SF/HA complex)14 film on CoCrMo alloy in region of 

3600 cm
-1 

 to 1800 cm
-1 

in Figure 3.21. C=O stretch was observed at 1900 cm
-1

. 

Besides that, O-H stretch and N-H stretch were seen clearly. These spectral varieties 

were generally attributed to intra- or intermolecular H-bonding. Strong peak was 

seen at 2355 cm
-1

. CO2 was supposed to create a peak at this region due to O=C=O of 

CO2 present in air. 

  

Figure 3.18 : ATR-FTIR spectra of (SF/HA complex)6 on CoCrMo alloy at pH 3.5. 

  

Figure 3.19 : ATR-FTIR spectra of (SF/HA complex)10 on CoCrMo alloy at pH 3.5. 
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Figure 3.20 : ATR-FTIR spectra of (SF/HA complex)14 on CoCrMo alloy at pH 3.5. 

  

Figure 3.21 : Second ATR-FTIR spectra of (SF/HA complex)14 on CoCrMo alloy at 

pH 3.5. 

3.1.3.3 ATR-FTIR results of (SF/HA complex) films at pH 5.5 

Six, ten and fourteen layers of (SF/HA complex) films on CoCrMo alloys were 

characterized at pH 5.5 by ATR-FTIR spectroscopy in Figures of 3.22, 3.23, 3.24 

and 3.25, respectively. SF and HA molecules both were negatively charged at this 

pH. All samples were treated with methanol. 

ATR-FTIR spectrum of the (SF/HA complex)6 film on CoCrMo alloy was shown in 

Figure 3.22. Absorption values of amide II and amide III were attributed to silk I 

conformation for this multilayer complex film. But amide I region was not clear. In 

addition to C=O stretch, N=O bend, C-O stretch, =C-H bend and N-H wag were 

observed respectively in Figure 3.22. 

The band in the amide III region at 1260 cm
-1

 was attributed to the crystalline phase 

(silk II conformation) for (SF/HA complex)10 film on CoCrMo alloy in Figure 3.23. 
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However, amide I and amide II regions were not clear. Besides that, C=O stretch, 

N=O bend, C-O stretch and O-H bend were identified respectively in Figure 3.23. 

The band position for (SF/HA complex)14 film on CoCrMo alloy in the amide I 

region at 1660 cm
1
 and in the amide II region at 1542 cm

-1
 represented a silk I 

structure in Figure 3.24. But amide III region was not observed. In addition to, C-H 

bend, N=O bend, C-O stretch and O-H bend were seen, respectively. 

Second graph was drawn for (SF/HA complex)14 film on CoCrMo alloy in region of 

3600 cm
-1 

to 1800 cm
-1 

in Figure 3.25. O-H stretch and N-H stretch were seen 

clearly. These spectral varieties were generally attributed to intra- or intermolecular 

H-bonding. 

  

Figure 3.22 : ATR-FTIR spectra of (SF/HA complex)6 on CoCrMo alloy at pH 5.5. 

  

Figure 3.23 : ATR-FTIR spectra of (SF/HA complex)10 on CoCrMo alloy at pH 5.5. 
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Figure 3.24 : ATR-FTIR spectra of (SF/HA complex)14 on CoCrMo alloy at pH 5.5. 

  

Figure 3.25 : Second ATR-FTIR spectra of (SF/HA complex)14 on CoCrMo alloy at 

pH 5.5. 

3.1.4 ATR-FTIR results of (SF/HA LBL) films on CoCrMo alloys 

3.1.4.1 ATR-FTIR results of (SF/HA LBL) films at pH 3.0 

Six, ten and fourteen layers of (SF/HA LBL) films on CoCrMo alloys were analyzed 

at pH 3.0 by ATR-FTIR spectroscopy in Figures of 3.26, 3.27, 3.28 and 3.29, 

respectively. SF was positively charged at p 3.0 whereas HA was negatively charged 

at this pH. All samples were treated with methanol. 

The band position for (SF/HA LBL)3 film on CoCrMo alloy in the amide I region at 

1620 cm
-1

 represented a silk II structure because C=O groups in β-sheets were 

included in more in Figure 3.26. A parallel investigation can be related in the amide 

II region at 1520 cm
-1

 on account of the silk I conformation was shifted for the silk II 

structure of (SF/HA LBL)3 film on CoCrMo alloy. The band in the amide III region 

at 1240 cm
-1

 was attributed to the crystalline phase (silk II conformation) for this 
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multilayer film. Besides that, C=O stretch, C-H bend, C-O stretch, =C-H bend and 

N-H wag were observed respectively in Figure 3.26. 

ATR-FTIR spectrum of the (SF/HA LBL)5 film on CoCrMo alloy in Figure 3.27 

represented more defined absorption band of amide I attributed to the silk I structure. 

Another absorption band was seen at 1240 cm
-1 

(amide III), which were 

characteristic of the silk II structure. However, amide II region was not seen. It was 

demonstrated that random coil and β-sheet structures were presented simultaneously 

in (SF/HA LBL)5 film on CoCrMo alloy. In addition to, C-H bend, C-O stretch, =C-

H bend and N-H wag were observed respectively. 

ATR-FTIR graph for (SF/HA LBL)7 film on CoCrMo alloy was showed in Figure 

3.28. It presented absorption bands at 1542 cm
-1

 (amide II), corresponding to the silk 

I conformation. Other absorption band was seen at 1240 cm
-1 

(amide III), which were 

characteristic of the silk II structure. But amide I region was not clear. It was 

demonstrated that random coil and β-sheet structures were presented simultaneously 

in (SF/HA LBL)7 film on CoCrMo alloy. Besides that, C=O stretch, N-O asymmetric 

stretch, N=O bend, C-O stretch, O-H bend and N-H wag were observed respectively. 

Second ATR-FTIR graph for (SF/HA LBL)7 film on CoCrMo alloy in region of 3600 

cm
-1 

to 1800 cm
-1 

was also showed in Figure 3.29. The absorption band at 3455 cm
-1 

was related to the O-H stretch, H-bonded, the band at 3290 cm
-1 

was related to the N-

H stretch and the other band at 2775 was related to the O-H stretch. Thus, these 

spectral varieties were generally attributed to intra- or intermolecular H-bonding. 

Strong peak was seen at 2335 cm
-1

. CO2 was supposed to create a peak at this region 

due to O=C=O of CO2 present in air. 

  

Figure 3.26 : ATR-FTIR spectra of (SF/HA LBL)3 on CoCrMo alloy at pH 3.0. 
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Figure 3.27 : ATR-FTIR spectra of (SF/HA LBL)5 on CoCrMo alloy at pH 3.0. 

  

Figure 3.28 : ATR-FTIR spectra of (SF/HA LBL)7 on CoCrMo alloy at pH 3.0. 

  

Figure 3.29 : Second ATR-FTIR spectra of (SF/HA LBL)7 on CoCrMo alloy at pH 

3.0. 

3.1.4.2 ATR-FTIR results of (SF/HA LBL) films at pH 3.5 

Six, ten and fourteen layers of (SF/HA LBL) films on CoCrMo alloys were 

characterized at pH 3.5 by ATR-FTIR spectroscopy in Figures of 3.30, 3.31, 3.32 
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and 3.33. SF molecule was positively charged at pH 3.5 whereas HA molecule was 

negatively charged at this pH. All samples were treated with methanol. 

The band position for (SF/HA LBL)3 film on CoCrMo alloy in the amide I region at 

1630 cm
-1

 represented a silk II structure because C=O groups in β-sheets were 

included in more in Figure 3.30. A parallel investigation can be related in the amide 

II region at 1530 cm
-1 

on account of the silk I conformation was shifted for the silk II 

structure of (SF/HA LBL)3 film. The band in the amide III region at 1260 cm
-1

 was 

attributed to the crystalline phase (silk II conformation) for this multilayer film on 

CoCrMo alloy. On the other hand, C-H bend, N=O bend, C-O stretch, O-H bend and 

N-H wag were also observed in Figure 3.30. 

Absorption values of amide I and amide II were attributed to both silk I conformation 

for (SF/HA LBL)5 film on CoCrMo alloy in Figure 3.31. The band in the amide III 

region at 1255 cm
-1

 was attributed to the crystalline phase (silk II conformation) for 

this multilayer film on CoCrMo alloy. It demonstrated that silk I and silk II 

conformations were indicated simultaneously in (SF/HA LBL)5 film on CoCrMo 

alloy. In addition to, N=O bend, C-O stretch were determined in Figure 3.31. 

ATR-FTIR spectra of (SF/HA LBL)7 film on CoCrMo alloy was shown in Figure 

3.32. This multilayer film showed absorption bands at 1630 cm
-1 

(amide I) and 1530 

cm
-1 

(amide II), assigned to the silk II structure. The band in the amide III region at 

1230 cm
-1

 was attributed to the silk I conformation for (SF/HA LBL)7 film on 

CoCrMo alloy. It was demonstrated that random coil and β-sheet structures were 

presented simultaneously in this multilayer film. Besides that, C-H bend, C-O stretch 

and N-H wag were identified in Figure 3.32. 

Second ATR-FTIR graph for (SF/HA LBL)7 film on CoCrMo alloy was also showed 

in region of 3600 cm
-1 

to 1800 cm
-1 

in Figure 3.33. The absorption band at 3465 cm
-1 

was related to the O-H stretch, H-bonded, the band at 3315 cm
-1 

was related to the N-

H stretch and the other band at 2930 was related to the O-H stretch. Thus, these 

spectral varieties were generally attributed to intra- or intermolecular H-bonding. 
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Figure 3.30 : ATR-FTIR spectra of (SF/HA LBL)3 on CoCrMo alloy at pH 3.5. 

  

Figure 3.31 : ATR-FTIR spectra of (SF/HA LBL)5 on CoCrMo alloy at pH 3.5. 

  

Figure 3.32 : ATR-FTIR spectra of (SF/HA LBL)7 on CoCrMo alloy at pH 3.5. 
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Figure 3.33 : Second ATR-FTIR spectra of (SF/HA LBL)7 on CoCrMo alloy at pH 

3.5. 

3.1.4.3 ATR-FTIR results of (SF/HA LBL) films at pH 5.5 

Six, ten and fourteen layers of (SF/HA LBL) films on CoCrMo alloys were 

characterized at pH 5.5 by ATR-FTIR spectroscopy in Figures of 3.34, 3.35, 3.36 

and 3.37, respectively. SF and HA both were negatively charged at pH 5.5. All 

samples were treated with methanol. 

Absorption values of amide I (-CO- and –CN- stretching) and amide III (-CN- 

stretching) were attributed to silk II conformation for (SF/HA LBL)3 film on 

CoCrMo alloy in Figure 3.34. But absorption value of amide II (-NH- bending) was 

attributed to silk I conformation. In addition to, C=O stretch, C-H bend, N=O bend, 

C-O stretch, O-H bend and N-H wag were determined in Figure 3.34. 

Absorption values of amide I and amide II were attributed to silk I structure for 

(SF/HA LBL)5 film on CoCrMo alloy in Figure 3.35. However amide III region was 

not observed. Besides that, C=O stretch, N=O bend, C-O stretch and N-H wag were 

also observed for this multilayer film on CoCrMo alloy. 

ATR-FTIR graph for (SF/HA LBL)7 film on CoCrMo alloy was showed in Figure 

3.36. It presented absorption bands at 1630 cm
-1

 (amide I) corresponding to the silk 

II conformation. Other absorption band was seen at 1230 cm
-1 

(amide III), which 

were characteristic of the silk I structure. But amide II region was not clear. N=O 

bend, C-O stretch and N-H wag were also seen in this multilayer film in Figure 3.36. 

Second graph was drawn for (SF/HA LBL)7 film on CoCrMo alloy in region of 3600 

cm
-1 

to 1800 cm
-1 

in Figure 3.37. O-H stretch and N-H stretch were seen clearly. 



44 

These spectral varieties were generally attributed to intra- or intermolecular H-

bonding. 

  

Figure 3.34 : ATR-FTIR spectra of (SF/HA LBL)3 on CoCrMo alloy at pH 5.5. 

  

Figure 3.35 : ATR-FTIR spectra of (SF/HA LBL)5 on CoCrMo alloy at pH 5.5. 

  

Figure 3.36 : ATR-FTIR spectra of (SF/HA LBL)7 on CoCrMo alloy at pH 5.5. 
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Figure 3.37 : Second ATR-FTIR spectra of (SF/HA LBL)7 on CoCrMo alloy at pH 

5.5. 

3.1.5 ATR-FTIR results of levofloxacin loaded SF/HA complex and LBL films 

on CoCrMo alloys 

(SF/HA complex + Levofloxacin)14 and (SF/HA LBL + Levofloxacin)7 on CoCrMo 

alloys at pH 3.5 were characterized by ATR-FTIR spectroscopy in Figures of 3.38 

and 3.39, respectively. The band position for (SF/HA complex + Levofloxacin)14 

film at 1685 cm
-1 

was related to C=O stretch in Figure 3.38. This levofloxacin loaded 

complex film showed the absorption band at 1520 cm
-1 

(amide II) assigned to the silk 

II structure. Besides that, C-H bend, C-O stretch, =C-H bend, O-H bend were seen in 

Figure 3.38. 

ATR-FTIR spectra of levofloxacin loaded LBL film on CoCrMo alloy at pH 3.5 was 

shown in Figure 3.39. The absorption peak at 1710 cm
-1 

was related to the C=O 

stretch. Absorption values of amide I and amide III were attributed to silk II 

conformation. In addition to, C-H rock, C-O stretch and =C-H bend were determined 

for (SF/HA LBL + Levofloxacin)7 on CoCrMo alloy at pH 3.5. 

 



46 

  

Figure 3.38 : ATR-FTIR spectra of (SF/HA complex + Levofloxacin)14 on CoCrMo 

alloy at pH 3.5. 

  

Figure 3.39 : ATR-FTIR spectra of (SF/HA LBL + Levofloxacin)7 on CoCrMo 

alloy at pH 3.5. 

3.2 XRD Results 

X-Ray Diffraction (XRD) results of as received CoCrMo alloy, (SF/HA complex)14 

film on CoCrMo alloy at pH 3.5 and (SF/HA LBL)7 film on CoCrMo alloys at pH 

3.5 were shown in Figure 3.40. In Figure 3.40, the fcc and hcp substrate (CoCrMo 

alloy) peaks were labeled as “ (hkl)” for the fcc -(Co, Cr, Mo) phase and “ (hkl)” 

for the hcp -(Co, Cr, Mo) phase, respectively. 

The as-polished material (the substrate) has polycrystal structure which is face 

centered cubic (fcc) and hexagonal close packed (hcp) structure. The calculated 

lattice parameter for the substrate -(CoCrMo) phase was 3.579 Å (Türkan 2004). 

The lattice parameters, a and c, for the substrate -(CoCrMo) phase was 1.32 Å and 

2.70 Å, respectively (Türkan 2004). Based on the intensity of the XRD peaks in 

Figure 3.40, the volume percent of the substrate  phase is estimated to be about 90 
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%, while the rest (10 %) is due to the substrate  phase. The XRD spectra of induced 

films on CoCrMo alloys showed that the films are amorphous structure due to the 

inorganic phase. However, the reduced substrate peak intensities resulted from the 

film thickness. As the film thickness increase, the peak intensities decrease. This is 

related to the X-ray penetration depth to the films. 

  

Figure 3.40 : XRD results of as received CoCrMo alloy, (SF/HA complex)14 and 

(SF/HA LBL)7 on CoCrMo alloys at pH 3.5. 

3.3 SEM Results 

This section is mainly divided into five parts. SEM results of 1) as received CoCrMo 

alloy, 2) silk fibroin films on CoCrMo alloys, 3) (SF/HA complex) films on CoCrMo 

alloys, 4) (SF/HA LBL) films on CoCrMo alloys and 5) levofloxacin loaded SF/HA 

complex and LBL films on CoCrMo alloys.  

3.3.1 SEM results of as received CoCrMo alloy 

SEM images of as received CoCrMo alloy were shown in Figure 3.41. The SEM 

images were taken at two different magnitudes 2500× and 5000×, respectively. As 

was shown in these images, there were some dissimilarities on the surfaces. 
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In Figure 3.41, bright areas demonstrated higher regions whereas dark areas 

demonstrated deeper regions on the surfaces. The grinding lines on the surface of the 

CoCrMo alloy were clearly seen and this was attributed to the carbide precipitations 

which were also shown in pictures as dark regions. 

 

Figure 3.41 : SEM images of as received CoCrMo alloy (a) 2500× magnification 

and (b) 5000× magnification. 

3.3.2 SEM results of silk fibroin films on CoCrMo alloys 

Six, ten and fourteen layers of silk fibroin (SF6, SF10, SF14) films on CoCrMo alloys 

at different pH values 3.0, 3.5 and 5.5, were investigated by SEM. In order to prove 

the existence of coatings on CoCrMo alloys, all samples were cut with a needle. Silk 

fibroin has high mechanical characteristics. All samples were cut with the needle 

because it was hard to cut with a bistoury. All images were taken at scratched side 

with the needle and SF coated side and only coated side at 2500× and 5000× 

magnitudes, respectively. 

3.3.2.1 SEM results of SF films at pH 3.0 

Figure 3.42 (a-d) shows sequentially the SEM images of (SF)6 film on CoCrMo alloy 

at pH 3.0 (a) scratched side with needle and SF coated side with 2500× 

magnification, (b) scratched side with needle and SF coated side with 5000× 

magnification, (c) SF coated side with 2500× magnification and (d) SF coated side 

with 5000× magnification. As was shown in these figures, the surface of the 

CoCrMo alloy was uniformly coated with SF and some small particles were clearly 

shown in these figures which were resulted from the fibre coming from the silk. This 
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was associated with the isoelectric point of silk fibroin. As the working pH was close 

the isoelectric point, the fibre formation was seen. 

 

Figure 3.42 : SEM images of (SF)6 on CoCrMo alloy at pH 3.0 (a) Scratched side 

with needle and silk fibroin coated side with 2500× magnification (b) Scratched side 

with the needle and silk fibroin coated side with 5000× magnification (c) Silk fibroin 

coated side with 2500× magnification and (d) Silk fibroin coated side with 5000× 

magnification. 

Figure 3.43 shows sequentially SEM images of (SF)10 film on CoCrMo alloy at pH 

3.0 (a) scratched side with needle and SF coated side with 2500× magnification, (b) 

scratched side with needle and SF coated side with 5000× magnification, (c) SF 

coated side with 2500× magnification and (d) SF coated side with 5000× 

magnification. In Figure 3.43 (c), small cracks were seen on the surface of the 

CoCrMo alloy. This was an evidence of the film formation. Crack formation was 

also related to different thermal expansion coefficient of SF film and substrate 

material. The film was also peeled off due to the needle cut shown in Figure 3.43 (b). 
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Figure 3.43 : SEM images of (SF)10 on CoCrMo alloy at pH 3.0 (a) Scratched side 

with needle and silk fibroin coated side with 2500× magnification (b) Scratched side 

with the needle and silk fibroin coated side with 5000× magnification (c) Silk fibroin 

coated side with 2500× magnification and (d) Silk fibroin coated side with 5000× 

magnification. 

Figure 3.44 shows sequentially SEM images of (SF)14 film on CoCrMo alloy at pH 

3.0 (a) scratched side with needle and SF coated side with 2500× magnification, (b) 

scratched side with needle and SF coated side with 5000× magnification, (c) SF 

coated side with 2500× magnification and (d) SF coated side with 5000× 

magnification. As was seen in these figures, the surface was fully coated with the silk 

fibroin and some peeled off films were clearly seen in cutting. 
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Figure 3.44 : SEM images of (SF)14 on CoCrMo alloy at pH 3.0 (a) Scratched side 

with the needle and silk fibroin coated side with 2500× magnification (b) Scratched 

side with the needle and silk fibroin coated side with 5000× magnification (c) Silk 

fibroin coated side with 2500× magnification and (d) Silk fibroin coated side with 

5000× magnification. 

3.3.2.2 SEM results of SF films at pH 3.5 

Figure 3.45 shows sequentially SEM images of (SF)6 film on CoCrMo alloy at pH 

3.5 (a) scratched side with the needle and SF coated side with 2500× magnification, 

(b) scratched side with the needle and SF coated side with 5000× magnification, (c) 

SF coated side with 2500× magnification and (d) SF coated side with 5000× 

magnification. The dark regions in scratched side showed in Fig.3.45 (a) quite 

correlate the hard SF films. Some agglomerations shown in Fig.3.45 (b) were related 

to the SF structure. The working pH was also close to the isoelectric point that 

corresponds to the good film formation. Small grinding lines were still visible. This 

confirmed that the film was very thin. 
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Figure 3.45 : SEM images of (SF)6 on CoCrMo alloy at pH 3.5 (a) Scratched side 

with the needle and silk fibroin coated side with 2500× magnification (b) Scratched 

side with the needle and silk fibroin coated side with 5000× magnification (c) Silk 

fibroin coated side with 2500× magnification and (d) Silk fibroin coated side with 

5000× magnification. 

Figure 3.46 shows sequentially SEM images of (SF)10 film on CoCrMo alloy at pH 

3.5 (a) scratched side with the needle and SF coated side with 2500× magnification 

(b) scratched side with the needle and SF coated side with 5000× magnification (c) 

SF coated side with 2500× magnification and (d) SF coated side with 5000× 

magnification. Similar findings were also valid in this case. However, very fine 

scratches in Fig. 3.46 (a) were resulted from the needle scratching. Some small 

particle as well as big particles was agglomerated to the surface of the film. Grinding 

lines were still visible and they were fully coated with silk fibroin. 
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Figure 3.46 : SEM images of (SF)10 on CoCrMo alloy at pH 3.5 (a) Scratched side 

with the needle and silk fibroin coated side with 2500× magnification (b) Scratched 

side with the needle and silk fibroin coated side with 5000× magnification (c) Silk 

fibroin coated side with 2500× magnification and (d) Silk fibroin coated side with 

5000× magnification. 

Figure 3.47 shows sequentially SEM images of (SF)14 film on CoCrMo alloy at pH 

3.5 (a) scratched side with the needle and SF coated side with 2500× magnification, 

(b) scratched side with the needle and SF coated side with 5000× magnification, (c) 

SF coated side with 2500× magnification and (d) SF coated side with 5000× 

magnification. Besides similar findings, some crack formations on the surface of the 

film were shown in Fig. 3.47 (c). 
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Figure 3.47 : SEM images of (SF)14 on CoCrMo alloy at pH 3.5 (a) Scratched side 

with the needle and silk fibroin coated side with 2500× magnification (b) Scratched 

side with the needle and silk fibroin coated side with 5000× magnification (c) Silk 

fibroin coated side with 2500× magnification and (d) Silk fibroin coated side with 

5000× magnification. 

3.3.2.3 SEM results of SF films at pH 5.5  

Figures 3.48, 3.49 and 3.50 show SEM images of (SF)6, (SF)10 and (SF)14 films on 

CoCrMo alloys at pH 5.5 (a) scratched side with the needle and SF coated side with 

2500× magnification, (b) scratched side with the needle and SF coated side with 

5000× magnification, (c) SF coated side with 2500× magnification and (d) SF coated 

side with 5000× magnification, respectively. The induced SF films were uniform in 

all coating layers. This was due to the working pH which was far away to the 

isoelectric point of fibroin (IEP=3.9). In this pH, the fibres of SF were moved to the 

everywhere freely. As a result, the formed film was free of fibre. 
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Figure 3.48 : SEM images of (SF)6 on CoCrMo alloy at pH 5.5 (a) Scratched side 

with the needle and silk fibroin coated side with 2500× magnification (b) Scratched 

side with the needle and silk fibroin coated side with 5000× magnification (c) Silk 

fibroin coated side with 2500× magnification and (d) Silk fibroin coated side with 

5000× magnification. 
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Figure 3.49 : SEM images of (SF)10 on CoCrMo alloy at pH 5.5 (a) Scratched side 

with the needle and silk fibroin coated side with 2500× magnification (b) Scratched 

side with the needle and silk fibroin coated side with 5000× magnification (c) Silk 

fibroin coated side with 2500× magnification and (d) Silk fibroin coated side with 

5000× magnification. 
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Figure 3.50 : SEM images of (SF)14 on CoCrMo alloy at pH 5.5 (a) Scratched side 

with the needle and silk fibroin coated side with 2500× magnification (b) Scratched 

side with the needle and silk fibroin coated side with 5000× magnification (c) Silk 

fibroin coated side with 2500× magnification and (d) Silk fibroin coated side with 

5000× magnification. 

3.3.3 SEM results of (SF/HA complex) films on CoCrMo alloys 

Six, ten and fourteen layers of silk fibroin/hyaluronic acid complex films ((SF/HA 

complex)6, (SF/HA complex)10, (SF/HA complex)14) on CoCrMo alloys at pH 3.0, 

3.5 and 5.5 were investigated by SEM. In order to prove the existence of coatings on 

CoCrMo alloys, all samples were cut with a bistoury. All images were taken at 

scratched side with the bistoury and complex coated side and only complex coated 

side at 2500× and 5000× magnitudes.  

3.3.3.1 SEM results of (SF/HA complex) films at pH 3.0 

Figures 3.51, 3.52 and 3.53 shows SEM images of (SF/HA complex)6 (SF/HA 

complex)10 and (SF/HA complex)14 films on CoCrMo alloys at pH 3.0 (a) scratched 

side with the bistoury and complex coated side with 2500× magnification, (b) 

scratched side with the bistoury and complex coated side with 5000× magnification, 

(c) complex coated side with 2500× magnification and (d) complex coated side with 

5000× magnification, respectively. Small particles were seen on the surface of all 
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layered films that was resulted from the complex formation. Due to the bistoury 

cutting, the film was peeled off Fig. 3.51 (a-b), Fig. 3.52 (a-b) and Fig. 3.53 (a-b) and 

it was clearly shown in all sections. Some grinding lines and surface cracks 

accompanies to the all films. Surface crack formation was mainly associated with 

different thermal expansion coefficients. However, drying section at the end of the 

film preparation may influence the surface cracks. 

 

Figure 3.51 : SEM images of (SF/HA complex)6 on CoCrMo alloy at pH 3.0 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 
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Figure 3.52 : SEM images of (SF/HA complex)10 on CoCrMo alloy at pH 3.0 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 
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Figure 3.53 : SEM images of (SF/HA complex)14 on CoCrMo alloy at pH 3.0 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 

3.3.3.2 SEM results of (SF/HA complex) films at pH 3.5 

Figure 3.54, 3.55 and 3.56 shows SEM images of (SF/HA complex)6 (SF/HA 

complex)10 and (SF/HA complex)14 films on CoCrMo alloys at pH 3.5 (a) scratched 

side with the bistoury and complex coated side with 2500× magnification, (b) 

scratched side with the bistoury and complex coated side with 5000× magnification, 

(c) complex coated side with 2500× magnification and (d) complex coated side with 

5000× magnification, respectively. As was seen in Fig. 3.54 (d), 3.55 (c), (d) and 

3.56 (c) and (d), some black regions were seen clearly. This was due to the degree of 

agglomeration in formation of the complex coacervation. In this case, at pH 3.5, the 

stock solution consists of silk fibroin and hyaluronic acid as a rate of 32:1. This 

means that polyelectrolyte solution has higher rate of positively charged ions. 

Therefore, this influences the fibre formation and complex coacervation. As a result, 

the black regions seen are the result of the fibrillation in stock solution. Similarly, 

small cracks are also present on the surface of the alloy. 
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Figure 3.54 : SEM images of (SF/HA complex)6 on CoCrMo alloy at pH 3.5 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 
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Figure 3.55 : SEM images of (SF/HA complex)10 on CoCrMo alloy at pH 3.5 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 
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Figure 3.56 : SEM images of (SF/HA complex)14 on CoCrMo alloy at pH 3.5 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 

3.3.3.3 SEM results of (SF/HA complex) films at pH 5.5 

Figure 3.57, 3.58 and 3.59 shows SEM images of (SF/HA complex)6 (SF/HA 

complex)10 and (SF/HA complex)14 films on CoCrMo alloys at pH 5.5 (a) scratched 

side with the bistoury and complex coated side with 2500× magnification, (b) 

scratched side with the bistoury and complex coated side with 5000× magnification, 

(c) complex coated side with 2500× magnification and (d) complex coated side with 

5000× magnification, respectively. The induced (SF/HA complex) films were 

uniform in all coating layers. This was due to the working pH which was far away to 

the isoelectric point of SF. In this pH, SF and HA both were negatively charged and 

the fibres of SF were moved to the everywhere freely. As a result, the formed film 

was free of fibre. 
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Figure 3.57 : SEM images of (SF/HA complex)6 on CoCrMo alloy at pH 5.5 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 
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Figure 3.58 : SEM images of (SF/HA complex)10 on CoCrMo alloy at pH 5.5 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 
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Figure 3.59 : SEM images of (SF/HA complex)14 on CoCrMo alloy at pH 5.5 (a) 

Scratched side with the bistoury and complex coated side with 2500× magnification 

(b) Scratched side with the bistoury and complex coated side with 5000× 

magnification (c) Complex coated side with 2500× magnification and (d) Complex 

coated side with 5000× magnification. 

3.3.4 SEM results of (SF/HA LBL) films on CoCrMo alloys 

Six, ten and fourteen layers of silk fibroin/hyaluronic acid layer-by-layer ((SF/HA 

LBL)3, (SF/HA LBL)5, (SF/HA LBL)7) films on CoCrMo alloys at pH 3.0, 3.5 and 

5.5, were investigated by SEM. All samples were cut with the bistoury to identify the 

substrate. All images were taken at scratched side with a bistoury and LBL coated 

side and only LBL coated side at 2500× and 5000× magnitudes, respectively. 

3.3.4.1 SEM results of (SF/HA LBL) films at pH 3.0 

Figure 3.60, 3.61 and 3.62 shows SEM images of (SF/HA LBL)3, (SF/HA LBL)5 and 

(SF/HA LBL)7 films on CoCrMo alloys at pH 3.0 (a) scratched side with the bistoury 

and LBL coated side with 2500× magnification, (b) scratched side with the bistoury 

and LBL coated side with 5000× magnification, (c) LBL coated side with 2500× 

magnification and (d) LBL coated side with 5000× magnification, respectively. In 

this process, the outermost layer is hyaluronic acid. The SEM investigation mainly 

comes from this top layer. The white regions seen on the surface of the films may be 
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commonly hyaluronic acid/silk fibroin complex precipitates. Before the end stage the 

surface of the film is positively charged due to the silk fibroin. When it was placed 

into the hyaluronic acid, fully negatively charged, the silk fibroin and hyaluronic acid 

forms the complex coacervation. However, the complexation may be retarded due to 

the less density of negative charges. As the number of layer increases, the amount of 

fibre increases. This finding quite correlates our admission in the previous part. On 

the other hand, the number of silk fibroin layer influences the complex formation. 

The increase of the silk fibroin also results in the increase of positively charged ions 

in solution. 

 

Figure 3.60 : SEM images of (SF/HA LBL)3 on CoCrMo alloy at pH 3.0 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 
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Figure 3.61 : SEM images of (SF/HA LBL)5 on CoCrMo alloy at pH 3.0 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 
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Figure 3.62 : SEM images of (SF/HA LBL)7 on CoCrMo alloy at pH 3.0 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 

3.3.4.2 SEM results of (SF/HA LBL) films at pH 3.5 

Figure 3.63, 3.64 and 3.65 shows SEM images of (SF/HA LBL)3, (SF/HA LBL)5 and 

(SF/HA LBL)7 films on CoCrMo alloys at pH 3.5 (a) scratched side with the bistoury 

and LBL coated side with 2500× magnification, (b) scratched side with the bistoury 

and LBL coated side with 5000× magnification, (c) LBL coated side with 2500× 

magnification and (d) LBL coated side with 5000× magnification, respectively. 

Small particle precipitates are also seen on the surface of the all layered films. 

However, small surface cracks are visible on the surface of the five bilayer coated 

samples. In seven bilayer coated samples, small fibre formation is seen on the 

surface. The fibre concentration on the surface of the seven bilayer coated samples is 

less than that of seven bilayer coated samples at pH 3.5. This is much attributed to 

the isoelectric point of silk fibroin. In this case, negatively and positively charged 

ions behave as a multicharged pairs. As a result, this pairs lessens the fibre formation 

and the surface of the films becomes more uniform. 
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Figure 3.63 : SEM images of (SF/HA LBL)3 on CoCrMo alloy at pH 3.5 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 
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Figure 3.64 : SEM images of (SF/HA LBL)5 on CoCrMo alloy at pH 3.5 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 
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Figure 3.65 : SEM images of (SF/HA LBL)7 on CoCrMo alloy at pH 3.5 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 

3.3.4.3 SEM results of (SF/HA LBL) films at pH 5.5 

Figure 3.66, 3.67 and 3.68 shows SEM images of (SF/HA LBL)3, (SF/HA LBL)5 and 

(SF/HA LBL)7 films on CoCrMo alloys at pH 5.5 (a) scratched side with the bistoury 

and LBL coated side with 2500× magnification, (b) scratched side with the bistoury 

and LBL coated side with 5000× magnification, (c) LBL coated side with 2500× 

magnification and (d) LBL coated side with 5000× magnification, respectively. The 

induced (SF/HA LBL) films were uniform in all coating layers. This was due to the 

working pH which was far away to the isoelectric point of SF. In this pH, SF and HA 

both were negatively charged and the fibres of SF were moved to the everywhere 

freely. As a result, the formed film was free of fibre. 
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Figure 3.66 : SEM images of (SF/HA LBL)3 on CoCrMo alloy at pH 5.5 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 
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Figure 3.67 : SEM images of (SF/HA LBL)5 on CoCrMo alloy at pH 5.5 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 
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Figure 3.68 : SEM images of (SF/HA LBL)7 on CoCrMo alloy at pH 5.5 (a) 

Scratched side with the bistoury and LBL coated side with 2500× magnification (b) 

Scratched side with the bistoury and LBL coated side with 5000× magnification (c) 

LBL coated side with 2500× magnification and (d) LBL coated side with 5000× 

magnification. 

3.3.5 SEM results of levofloxacin loaded SF/HA complex and LBL films on 

CoCrMo alloys 

Figure 3.69 shows SEM images of (SF/HA complex + Levofloxacin)14 film on 

CoCrMo alloy at pH 3.5 (a) 2500× magnification, (b) 5000× magnification and 

Figure 3.70 shows SEM images of (SF/HA LBL + Levofloxacin)7 film on CoCrMo 

alloy at pH 3.5 (a) 2500× magnification, (b) 5000× magnification. 

As is seen in these images, surfaces of the fourteen layer of levofloxacin loaded 

complex and LBL samples became smoother and more uniform texture compared to 

the surfaces of the without levofloxacin loaded fourteen layer of complex and LBL 

coatings. SEM images clearly indicated that levofloxacin spreaded to almost all part 

of the surfaces on CoCrMo alloys at pH 3.5 for both coatings. Colloidal particles 

were still observed due to the working pH was close to the isoelectric point of fibroin 

(IEP=3.9). However, the number of the colloidal particles on CoCrMo alloys for 
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both antibiotic loaded samples was less in comparison to the without levofloxacin 

loaded samples at pH 3.5. 

However, the number of agglomerated particles of (SF/HA complex + 

Levofloxacin)14 film was observed lower than the (SF/HA LBL + Levofloxacin)7 film 

in SEM images. This may be caused the series of the antibiotic loading to the films 

on CoCrMo alloys. For the (SF/HA complex + Levofloxacin)14 film, levofloxacin 

was loaded to each layer of the film. On the other hand, levofloxacin was loaded to 

SF only at 1., 7. and 13. layers into the (SF/HA LBL + Levofloxacin)7 film on 

CoCrMo alloy. This may be effect the number of the colloidal particles on the 

surface. 

 

Figure 3.69 : SEM images of (SF/HA complex + Levofloxacin)14 on CoCrMo alloy 

at pH 3.5 (a) 2500× magnification (b) 5000× magnification. 
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Figure 3.70 : SEM images of (SF/HA LBL + Levofloxacin)7 on CoCrMo alloy at 

pH 3.5 (a) 2500× magnification (b) 5000× magnification. 

3.4 AFM Results 

Atomic Force Microscopy (AFM) average surface roughness (Ra) values of as 

received CoCrMo alloy, (SF/HA complex) and (SF/HA LBL) films on CoCrMo 

alloys at pH 3.5 tabulated in Table 3.3. Included in the same table is the result of 

induced film thickness and root mean square (Rq) values. The AFM scanning was 

conducted in 10x10 μm and 5x5 μm areas. Working pH was 3.50 for all (SF/HA 

complex) films on CoCrMo alloys and (SF/HA LBL) films on CoCrMo alloys. The 

surface scratches were avoided in scanning to remove the higher roughness values. 

Ra and Rq values were measured for as received CoCrMo alloy in both areas and 

found to be 0.95 nm and 1.3 nm, respectively. The Ra and Rq parameters are 

measures with an average deviation from a reference line or plane. As is tabulated in 

Table 3.3, the AFM surface roughness values of (SF/HA complex) film coated 

specimens are higher than those of as received specimens. Complex film coatings 

increase the surface roughness values at least 5 times. Similarly, the surface 

roughness values of (SF/HA LBL) film coatings are in the range of 10.9 to 73.8 nm. 

As the number of coating layer increase, the surface roughness values increase.  As is 

tabulated in Table 3.3, the AFM surface roughness values of (SF/HA LBL) film 

coated specimens are higher than those of as received specimens. Complex film 

coatings increase the surface roughness values at least 10 times. In addition, the 
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increase of surface roughness values of complex films is higher than those of layer 

by layer coated films.  

Table 3.3 : Rq, Ra and film thickness values of as received CoCrMo alloy and 

SF/HA complex and LBL films on CoCrMo alloys. 

Sample Root Mean 

Square (Rq) 

(nm) 

Average 

Roughness (Ra)  

(nm) 

Film Thickness 

(nm) 

As received CoCrMo 

alloy 

1,30 0.95 - 

(SF/HA complex)6 on 

CoCrMo alloy 

8.70 5.80 90 

(SF/HA complex)10 on 

CoCrMo alloy 

9.80 7.70 500 

(SF/HA complex)14 on 

CoCrMo alloy 

36.5 28.9 600 

(SF/HA LBL)3 on 

CoCrMo alloy 

15.1 10.9 140 

(SF/HA LBL)5 on 

CoCrMo alloy 

42.4 32.4 450 

(SF/HA LBL)7 on 

CoCrMo alloy 

102.3 73.8 640 

Figure 3.71 (a-d) contains the 2D and 3D surface profiles of as received CoCrMo 

alloys. In Figure 3.71, small mountains and valleys are clearly seen and the sample 

surfaces contain some asperities which characterize the surface structures.  Also, 

polishing scratches are visible. 
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Figure 3.71 : AFM images of as received CoCrMo alloy (a) The 2D surface profile 

at 10x10 μm area (b) The 3D surface profile at 10x10 μm area (c) The 2D surface 

profile at 5x5 μm area (d) The 3D surface profile at 5x5 μm area. 

The AFM images of surface flat sections taken from (SF/HA complex)6 films on 

CoCrMo alloys are shown sequentially in Fig. 3.72 (a-d). Similarly, the scanned 

region was in 10x10 μm (Fig.3.72 (a-b)) and 5x5 (Fig. 3.72 (c-d)) μm. Some small 

hills and valleys are seen in Fig. 3.72 (b) and (d).  
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Figure 3.72 : AFM images of (SF/HA complex)6 on CoCrMo alloy at pH 3.5 (a) The 

2D surface profile at 10x10 μm area (b) The 3D surface profile at 10x10 μm area (c) 

The 2D surface profile at 5x5 μm area (d) The 3D surface profile at 5x5 μm area. 

Figure 3.73 (a-d) shows the AFM images of (SF/HA complex)10 films on CoCrMo 

alloys. These images clearly indicates that the surface is rougher than those of as 

received and six layered complex SF/HA coatings. This is associated with colloidal 

complex film structures which are close to the isoelectric point (IEP=3.9). 
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Figure 3.73 : AFM images of (SF/HA complex)10 on CoCrMo alloy at pH 3.5 (a) 

The 2D surface profile at 10x10 μm area (b) The 3D surface profile at 10x10 μm area 

(c) The 2D surface profile at 5x5 μm area (d) The 3D surface profile at 5x5 μm area.  

Figure 3.74 (a-d) shows the AFM images of fourteen layer (SF/HA complex)14 films 

on CoCrMo alloys.  As is seen in Fig. 3.74 (b) and (d), complex film structures are 

more clear than the other coatings. A rougher surface is seen and quite correlates the 

surface roughness values. 
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Figure 3.74 : AFM images of (SF/HA complex)14 on CoCrMo alloy at pH 3.5 (a) 

The 2D surface profile at 10x10 μm area (b) The 3D surface profile at 10x10 μm area 

(c) The 2D surface profile at 5x5 μm area (d) The 3D surface profile at 5x5 μm area.  

Figure 3.75 (a-d), 3.76 (a-d) and 3.77 (a-d) show the layer-by-layer SF/HA film 

coating of three, five and seven bilayer, respectively. As is seen for (SF/HA 

complex) films, colloidal particles are observed for all multilayer films on CoCrMo 

alloys due to working solution pH close to isoelectric point of SF (IEP=3.9). (SF/HA 

LBL)7 film on CoCrMo alloy (Fig. 3.77 (b) and (d)) shows the highest hills as 

compared to the five and three bilayer film coatings. 
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Figure 3.75 : AFM images of (SF/HA LBL)3 on CoCrMo alloy at pH 3.5 (a) The 2D 

surface profile at 10x10 μm area (b) The 3D surface profile at 10x10 μm area (c) The 

2D surface profile at 5x5 μm area (d) The 3D surface profile at 5x5 μm area.  

 

Figure 3.76 : AFM images of (SF/HA LBL)5 on CoCrMo alloy at pH 3.5 (a) The 2D 

surface profile at 10x10 μm area (b) The 3D surface profile at 10x10 μm area (c) The 

2D surface profile at 5x5 μm area (d) The 3D surface profile at 5x5 μm area. 



84 

 

Figure 3.77 : AFM images of (SF/HA LBL)7 on CoCrMo alloy at pH 3.5 (a) The 2D 

surface profile at 10x10 μm area (b) The 3D surface profile at 10x10 μm area (c) The 

2D surface profile at 5x5 μm area (d) The 3D surface profile at 5x5 μm area. 

In order to analyze the effect of number of layers on induced film roughness, film 

roughness of the investigated specimens are drawn as function of number of layers 

and shown in Figure 3.78. As seen in Figure 3.78, the film roughness values in both 

complex and layer-by-layer coated specimens increase with increasing number of 

layers. However, the surface roughness values of layer-by-layer induced films are 

higher than those of complex coated films. This also clearly indicates that the layer-

by-layer coating produces rougher surfaces as compared to the complex coatings. 

This may be resulted in the formation of the fibre on the surface of layer-by-layer 

coated films. As already stated earlier, the SEM micrographs are clearly indicated the 

fibre formation on the surface of layer-by-layer coated specimens. This already quite 

correlates the SEM and AFM findings. The increase of the film thickness on both 

complex and layer-by-layer coated specimens is clearly seen in Figure 3.79. As is 

seen in Fig. 3.79, the film thickness of layer-by-layer coated specimens is higher than 

those of complex coated films on the investigated specimens. However, the film 

thickness of ten layered complex coating is higher than that of ten layered coated 

layer by layer films. The film thickness of layer-by-layer coated specimens increase 

as the number of layer increase. The increase of this film nearly linear as compared 

to the complex coatings. However, in complex coatings, the film thickness has a 
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rapid rise followed by a slow increase and then it becomes nearly constant as is seen 

in Fig.3.79.  

 

Figure 3.78 : AFM average roughness values as a function of the number of layers. 

 

Figure 3.79 : AFM film thickness values as a function of the number of layers. 
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3.5 Antimicrobial Study Results 

Antimicrobial properties of the films were investigated by colony counting method. 

Methicillin susceptible Staphylococcus aureus was used as the gram-positive 

bacteria, and levofloxacin was used as an antibiotic in this study.  Figure 3.80 shows 

the graph of numbers of attached bacteria × 10
6
 versus different sample types called 

control group, as received CoCrMo alloy, (SF/HA complex)14 on CoCrMo alloy at 

pH 3.5, (SF/HA complex + Levofloxacin)14 on CoCrMo alloy at pH 3.5, (SF/HA 

LBL)7 on CoCrMo alloy at pH 3.5 and (SF/HA LBL + Levofloxacin)7 on CoCrMo 

alloy at pH 3.5. In addition, these different sample types are enumerated as sample 1, 

2, 3, 4, 5 and 6, respectively. After the antimicrobial study, the numbers of attached 

bacteria × 10
6
 for sample 1, 2, 3, 4, 5 and 6 were 132.7, 100,7 82.7, 48, 92.7 and 66. 

The highest numbers of the bacteria were seen in the control group because control 

group was consisted of the only methicillin susceptible S. aureus bacteria. Number of 

the attached bacteria for the as received CoCrMo alloy was higher than complex 

coating, LBL coating and levofloxacin loaded complex and LBL coatings. Figure 

3.80 shows that (SF/HA complex)14 film on CoCrMo alloy at pH 3.5 decreased the 

bacterial attachment. (SF/HA LBL)7 film at pH 3.5 also decreased the bacterial 

attachment. Levofloxacin loaded samples showed lower bacterial attachment as 

compared to the other samples. Figure 3.80 also demonstrated that the number of the 

attached bacteria of the levofloxacin loaded complex film was less than levofloxacin 

loaded LBL film on CoCrMo alloys at pH 3.5. This may be caused the series of the 

antibiotic loading into the films on CoCrMo alloys. For the (SF/HA complex + 

Levofloxacin)14 film, levofloxacin was loaded to each layer of the film. On the other 

hand, levofloxacin was loaded to SF only at 1., 7. and 13. layers into the (SF/HA 

LBL + Levofloxacin)7 film on CoCrMo alloy. This may be effect the numbers of the 

attached bacteria on the surfaces. 
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Figure 3.80 : The graph of numbers of attached bacteria versus different sample. 
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4.  CONCLUSIONS  

In this research, multiple layer SF, (SF/HA complex) and (SF/HA LBL) films were 

succesfully coated on CoCrMo alloys at three different pH values, 3.0, 3.5 and 5.5. 

SF and HA can be utilized to fabricate the complex films. SF is positively charged 

molecule under the isoelectric point of fibroin (IEP=3.9), whereas over the pH 2.5, 

HA is negatively charged. It was known that SF and HA complexes range is pH 2.5-

3.5. The main reason to work with different pH values was to examine the influence 

of pH on the film characteristics. 

Samples were characterized by ATR-FTIR, XRD, SEM and AFM. Fibroin 

conformations of consisted of six, ten and fourteen layers of SF, (SF/HA complex) 

and (SF/HA LBL) films at pH 3.0, 3.5 and 5.5 were confirmed by ATR-FTIR 

spectroscopy. All samples were washed with methanol:water mixture (volume ratio 

70:30) to stimulate the conformation transition from silk I to silk II. The principal 

cause to create this transition, to make the films insoluble, to increase the mechanical 

characteristics and to improve the deposition rates on CoCrMo alloys. ATR-FTIR 

spectroscopy showed the characteristics IR absorption peaks for silk I and silk II 

conformations of the films on CoCrMo alloys. Surface structures of as received 

CoCrMo alloy, (SF/HA complex)14 on CoCrMo alloy at pH 3.5, (SF/HA LBL)7 on 

CoCrMo alloy at pH 3.5 were determined by XRD. The XRD spectra of induced 

films on CoCrMo showed that the films are amorphous structure due to the inorganic 

phase. SEM was utilized to show the surfaces of as received CoCrMo alloy and 

consisted of six, ten and fourteen multilayer structures of SF, (SF/HA complex) and 

(SF/HA LBL) films on CoCrMo alloys at pH 3.0, 3.5 and 5.5. SEM analysis 

indicated that the fibre formation occurs at near isoelectric point of SF and it is easy 

to induce a precipitates at that pH value. At pH 5.5 which is far away to the 

isoelectric point of SF, the induced films are at more uniform. Surface morphology 

of the as received CoCrMo alloy and consisted of six, ten and fourteen layer of 

(SF/HA complex) and (SF/HA LBL) films on CoCrMo alloys at pH 3.5 were shown 
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by AFM. Colloidal particles were seen for all multilayer coatings because of the 

working solution pH close to IEP of fibroin. AFM measurements also showed that 

the surface roughness increased at 5 times as compared to the as received samples. 

The measured film thicknesses were in the range of 90 to 640 nm. 

In the present study, a specific antibiotic called levofloxacin was loaded to the 

(SF/HA complex)14 and (SF/HA LBL)7 films on CoCrMo alloys at pH 3.5 to reduce 

the inflammation risk due to bacteria/microbe. The main motivation of us to start this 

research was to develop a new coating methodology for metal biomaterials to protect 

the infections and for this reason we wanted to solve the problem of infection of the 

bone (osteomyelitis). To enhance the film properties on CoCrMo alloys, levofloxacin 

was loaded to (SF/HA complex) at each layers. For (SF/HA LBL) coatings, 

levofloxacin was loaded to SF only at 1., 7. and 13. layers into the film on CoCrMo 

alloy. Antibiotic loading concentration was 3xMIC for complex and layer-by-layer 

coatings. Levofloxacin is known to effect gram positive bacteria so methicillin 

susceptible Staphylococcus aureus is an ideal bacteria for this study. ATR-FTIR 

spectroscopy showed the characteristic IR absorption bands for fourteen layer of 

SF/HA complex and SF/HA layer-by-layer films on CoCrMo alloys at pH 3.5. SEM 

images obviously demonstrated that the surfaces of the levofloxacin loaded complex 

and LBL films were smoother and more uniform texture in comparison to without 

levofloxacin loaded films on CoCrMo alloys at pH 3.5. 

Antimicrobial properties of the films were investigated by colony counting method. 

In comparison with the control group, as received CoCrMo alloys, (SF/HA 

complex)14 and (SF/HA LBL)7 films on CoCrMo alloys at pH 3.5, levofloxacin 

loaded the fourteen layer of SF/HA complex and SF/HA layer-by-layer films on 

CoCrMo alloys at pH 3.5 showed lower bacterial attachment. The results clearly 

indicated that levofloxacin loading into the films is a powerful process to minimize 

the S. aureus attachment and at last, one step antibiotic loaded film coatings to 

reduce the infection risks are developed using complex coating methodology.   
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