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ABSTRACT 

 

FABRICATION AND CHARACTERIZATION OF SILK SERICIN BASED 

COMPOSITE FILMS FOR BIOMEDICAL APPLICATIONS 

 

 

 

Haliloğlu, Alper 

Master of Science, Metallurgical and Materials Engineering 

Supervisor: Assoc. Prof. Dr. Batur Ercan 

 

 

January 2023, 66 pages 

 

Silk Sericin (SS) is one of the two major proteins in silk fiber and it is discarded as 

a waste in the silk industry. Recently, sericin captured attention in the biomedical 

field due to its variable amino acid composition and diverse functional groups. The 

physical and chemical properties of silk sericin can be adjusted via incorporation of 

different secondary phase additives for biomedical applications. However, brittle 

nature, low mechanical properties, and inability to avoid bacterial growth by itself 

limits its use in such areas. In this study, high temperature and pressure method is 

used to extract sericin from silk cocoons. To fabricate sericin based composite 

films, extracted sericin is combined with different agents, namely glycerol to 

overcome the brittle characteristics, as well as Sr and Zn incorporated bioactive 

glass (BG) particles and graphene oxide (GO) to provide mechanical durability and 

antibacterial properties. SEM images of the sericin based composite films showed 

that reinforcements were homogenously distributed throughout the films without 

any agglomeration. Thermogravimetric analysis showed that nearly 35% of the 

initial mass of the sericin films were lost during the early stages of degradation, 

which was correlated with glycerol diffusing out the system. Moreover, 

approximately 85-105 % swelling was observed upon soaking sericin films in 
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1xPBS, which indicated their good water retention ability. The Young’s modulus 

values of silk sericin based films increased from 16.7±0.9 MPa up to 19.3±1.9 MPa 

and 22.4±0.6 MPa upon 1% GO and 7% BG addition, respectively. When L929 

fibroblast cells were treated with extracts of silk sericin films, no toxicity was 

observed and cellular viability was promoted up to 7 days of culture in vitro. Both 

reinforcement materials (GO and BG) exhibited antibacterial activity against gram-

positive Staphylococcus aureus (S. aureus) and gram-negative Escherichia coli (E. 

coli) strains in a concentration dependent manner. Cumulatively, the obtained 

results showed that silk sericin based composite films are promising candidates for 

biomaterial applications.  

  

Keywords: Silk Sericin, Composite Film, Bioactivity, Antibacterial, Natural 

Polymer  
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ÖZ 

 

BİYOMEDİKAL UYGULAMALAR İÇİN SERİSİN BAZLI KOMPOZİT 

FİLMLERİN ÜRETİMİ VE KARAKTERİZASYONU 

 

 

Haliloğlu, Alper 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Assoc. Prof. Dr. Batur Ercan 

 

 

Ocak 2023, 66 sayfa 

 

İpek Serisin (SS), ipeği oluşturan iki ana proteinden biridir ancak ipek 

endüstrisinde genellikle atık olarak görülmektedir. Serisin son zamanlarda, çeşitli 

fonksiyonel grupları ve değişken amino asit bileşimi nedeniyle biyomedikal alanda 

ilgi görmeye başlamıştır. Serisinin fiziksel ve kimyasal özellikleri, farklı ajanların 

dahil edilmesiyle biyomedikal uygulamalar için ayarlanabilir. Ancak kırılganlığı, 

düşük mekanik özellikleri ve bakteri büyümesini kendi başına engellemede yetersiz 

kalışı bu tür alanlarda kullanımını kısıtlamaktadır. Bu çalışmada serisin ipek 

kozasından yüksek sıcaklık ve basınç yöntemi kullanılarak ayrılmıştır. Elde edilen 

serisin kompozit filmler üretmek amacıyla çeşitli ajanlarla birleştirilmiştir. Bu 

ajanlardan gliserol serisinin kırılganlık sorunu çözmek amacıyla plastikleştirici 

olarak kullanılırken mekanik dayanımı ve antibakteriyel özelliklerini geliştirmek 

için grafen oksit (GO) ve Sr ve Zn katkılı biyoaktif cam (BG) ile kombine 

edilmiştir. Serisin bazlı filmlerin SEM görüntüleri takviye parçacıkların 

topaklanma olmadan homojen bir şekilde dağıldığını göstermiştir. Filmlerin 

degradasyonun erken aşamalarında sistemden ayrılan gliserol sebebiyle 

ağırlıkalrının yaklaşık %35ini kaybettikleri ortaya konulmuştur. Filmlerin 1xPBS 

içerisinde yaklaşık %85-105 şişme göstermesi iyi bir su tutma özellikleri olduğunu 
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gösterir. Ek olarak, serisin bazlı filmlerin Young’s modülüsleri 16.7±0.9 MPa 

değerinden %1 GO ve %7 BG eklenen filmlerde sırasıyla 19.25±1.9 MPa ve 

22.4±0.6 MPa seviyelerine kadar çıktığı görülmüştür. Ayrıca, serisin film 

ekstraktlarının L929 fibroblast hücreleri ile etkileşimlerinde bir toksisite 

göstermedikleri, hücrelerin 7 güne kadar başarılı bir şekilde canlılıklarını koruyup 

çoğaldıkları in vitro hücre kültürü testlerinde görülmüştür. Her iki katkı 

malzemesinin de (GO ve BG) gram pozitif Staphylococcus aureus (S. aureus) ve 

gram negative Escherichia coli (E. coli) bakterilere karşı kompozisyona bağlı 

olarak antibakteriyel etki gösterdiği gözlemlenmiştir. Sonuç olarak ipek serisin 

bazlı kompozit filmlerin biyomedikal uygulamalar için gelecek vadeden adaylar 

olduğu görülmüştür. 

 

Anahtar Kelimeler: İpek Serisin, Kompozit Film, Biyoaktivite, Antibakteriyel, 

Doğal Polimer 
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CHAPTER 1  

1 INTRODUCTION  

1.1  Silk Sericin 

Sericin is one of the two main proteins which forms the bombyx mori silkworm 

silk. Cocoons are formed by two fibroin fibers glued by sericin, as shown in Figure 

1.1 [1]. Although fibroin is vastly used in silk industry, sericin was treated as a 

waste product and removed from fibroin to improve its performance [2]. Also, for 

decades, it was believed that sericin caused allergic reactions, inflammation-

inducing effects, and immunogenicity [3]. Recently, with enhancing number of 

studies claiming otherwise [3-5], this natural polymer gained attraction in the 

biomedical field due to its unique properties, such as biocompatibility, 

biodegradability, water retention, and gas permeability, [6, 7]. However, nearly 

50.000 tons of sericin is still discarded in the textile wastewaters each year [7, 8], 

which can be potentially be recycled and used in various biomedical applications.  

 

 

Figure 1.1 a) Bombyx mori silkworm, b) Bombyx mori silkworm cocoons and c) 

cross-sectional SEM image of raw silk [9, 10]. 
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According to water solubility and polarity of its amino acids, sericin can be divided 

to three layers where the content of polar amino acids is decreased through inner 

layers. Thus, the inner layer requires acid treatment for extraction, whereas the 

outer layers can easily be removed from fibroin with boiling or dissolving in water 

by heat and pressure [11]. Sericin can be used as several forms, including films, 

sponges or fibers depending on the production method [6, 7]. Independent of its 

form, sericin is highly brittle and cannot inhibit bacterial growth sufficiently by 

itself. These aspects should be improved to be utilize sericin in biomedical 

applications.  

1.2 Structure of Silk Sericin 

Sericin has a molecular weight range of 24 to 400 kDa. It is a hot water-soluble 

globular protein which forms 25-30% of the silk fiber [1, 6, 7, 11]. It consists of 18 

types of amino acids, among which serine, aspartic acid and glycine are the most 

abundant amino acids [7, 11], as seen in Figure 1.2. Majority of the amino acids in 

sericin are polar containing hydroxyl, carboxyl, or amino groups; only 22% of 

them are non-polar [11]. Hydrophilic ones (especially serine and aspartic acid) are 

responsible for the water solubility of sericin.  

 

Figure 1.2 a) Molecular chain and b) amino acid composition of sericin [12]. 

 

Secondary structures were formed by folding of polypeptides via hydrogen 

bonding between amine and carboxyl groups of the amino acids. α-helices and β-

sheets were the most commonly occurring secondary structures. Unfolded regions 
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are described as random coils and regions where polypeptides change folding 

direction is called β-turns [13]. Depending on the extraction process, secondary 

structure content of sericin can be varied, as shown in Table 1.1. Nevertheless, 

when extracted via the high temperature and pressure (HTHP) method, the 

conformation of sericin mostly contains random coils and β-sheets, which are 

responsible for amorphous and crystalline regions, respectively [1, 11]. Although 

weaker than covalent bonds, the hydrogen bonds in β-sheets were mainly 

responsible for the mechanical properties of the sericin.  

 

Table 1.1 The effect of extraction method on secondary structure of sericin [14]. 

 

 

Silk sericin (SS) can be extracted from silk yarn by physical, chemical or biological 

methods, as listed in Table 1.2 [14]. Each method has different advantages and 

drawbacks. In silk industry, soaps, detergents and sodium bicarbonate solution 

were conventionally used to separate sericin from fibroin. However, these 

treatments highly degrade sericin and it is extremely difficult to remove detergents 

from the remaining sericin [14]. Although not all sericin can be separated, high 

temperature and pressure (HTHP) extraction was frequently used in experimental 

studies. Moreover, it does not require time consuming purification steps and higher 

MW sericin can be obtained with hot water treatment [7, 11]. In addition, it was 

shown that SS extracted via heat promote viability of L929 fibroblast cells better 

than other alternative extraction processes [15]. 
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Table 1.2 Extraction methods of silk sericin [14]. 

 

Extraction method, concentration and processing parameters are directly affecting 

final characteristics of the sericin, such as MW and crystallinity, and therefore they 

have a strong influence on final performance of sericin [6, 7, 11]. Sericin shows 

thermo-reversible sol-gel transition due to its hydrogen bonds. That is, when 

temperature is above 70-80 °C, it stays in the solution form, however when the 

temperature is decreased it quickly becomes gel [16]. That said, exposure to heat 

can cause degradation at longer times and results in lower MW. As the MW 

increased (due to concentration or low extraction times), its gelation time, gel 

strength, crystallinity, mechanical and thermal properties also increase, while 

porosity and swelling ratio decreased [16, 17]. Moreover, it was observed that MW 

has no or very small influence on the cytocompatibility of sericin [16]. Recently, 

advanced extraction methods were developed using ultrasound or infrared heating, 

yet they need extra equipment, and thus increase the cost of extraction [14].   

 

1.2.1 Comparison of Sericin and Fibroin 

Silk fibroin (SF) consists of heavy and light polypeptide chains. Although 

containing similar amino acids with SS, their amounts and sequences in SF is 
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highly different than sericin [13]. Glycine and alanine form the majority of SF 

heavy chain and form large hydrophobic domains [18]. Moreover, β-sheet 

formation in SF is induced mainly due to the specific sequence of these two amino 

acids [19]. As a result, SF became more hydrophobic and easier to form β-sheet 

crystallites than sericin which is responsible for its slower degradation rate and 

superior mechanical properties. In spite of its inferior mechanical properties, 

hydrophilic sericin shows better chemical and biological activity [20-22]. 

Hydroxyl, carboxyl, and amino groups in sericin facilitates it to easily form 

composites with different reagents. The aforementioned advantages of sericin are 

used in various publications to solution issues regarding its brittle characteristics. 

Blending with other synthetic polymers like poly(vinyl alcohol) (PVA), chitosan or 

polymethyl methacrylate (PMMA) [23-26], using cross-linkers such as 

poly(ethylene glycol) diglycidyl ether (PEG-DE), glutaraldehyde or dimethylurea 

(DMU) [27], and dissolving in various solvents are proposed in the literature. 

However, most of these chemicals are toxic and lower biocompatibility of sericin. 

Alternatively, the use of plasticizers is a promising approach to solve this 

brittleness issue of sericin. 

1.2.2 Glycerol as Plasticizer 

Among many plasticizers, such as ethylene glycol or sorbitol, glycerol (C3H8O3) is 

the most commonly used and effective one to enhance flexibility of polymers [28] 

due to its compatibility with polymers, easy penetration, and non-volatile nature 

[29]. Main plasticizing mechanism of glycerol can be explained with gel and free 

volume theories. According to this theory, smaller glycerol molecules can easily 

enter the sericin polymer chains, which replaces the intramolecular hydrogen bond 

network by forming hydrogen bonds between sericin and glycerol. During that 

process compact structure of sericin is changed by the increase of free volume, 

especially in the random coil regions. Thus, chain mobility gets easier, and 

plasticity is increased [28, 29]. Moreover, glycerol has been used in skincare 
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products due to its water absorption ability which reinforces skin barrier by 

preventing water loss. In fact, it can penetrate the stratum corneum layer of the skin 

without disrupting its structure and helps hydration [30], which could also be a 

desired property for wound dressing applications. In addition to hydration, glycerol 

shows anti-irritant and even wound healing effects [30, 31].  
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Sericin Based Biomaterials  

In the market, pure sericin and sericin powders were produced by some companies 

including Silk Biochemical Co., Huzhou Longs Biochem Co., Xian Tianyi 

Biotechnology Co., Shaanxi Seyon Industry Co., (China) and Wako (USA). Apart 

from these companies, sericin containing products were produced for cosmetics, 

hair care, food, and fabric industries by various companies, such as Acca Kappa, 

Comfort Zone (Italy), Aurora Silk, The Hair Care Company, Better for Babies, 

Plank (USA), SINOSILK, Nanjing Valued Textile Co. (China), Elmiplant Romania 

(Romania), Dr. Temt (Austria) and Seiren Co., Toyota (Japan) [6]. Due to having 

desirable and controllable properties, sericin attracted attention in biomedical 

applications and investigated for several forms such as films, scaffolds or 

hydrogels, as shown in Figure 2.1 [6, 7].  

Among the potential uses of sericin, sericin based films are generally investigated 

for skin and bone tissue engineering applications. Due to its inherent properties 

sericin based dressings are suitable for skin regeneration and wound healing [7]. 

Also, they were shown to promote bone regeneration when wrapped on the metallic 

implant surfaces by enhancing adhesion and proliferation of osteoblasts [32].  
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Figure 2.1 Forms and application areas of silk sericin based materials [7]. 

 

2.2 Glycerol and Sericin 

In literature, the effect of glycerol on sericin was investigated in a couple of 

studies. As a plasticizer, while increasing the flexibility and elongation, addition of 

glycerol induces β-sheet formation in the secondary structure of sericin. This 

phenomenon was observed as a shift in amide I peak of FTIR spectra to β-sheet 

region and supported with XRD results, where peak intensities increased with 

increasing glycerol content [27-29]. Zhang et. al. explained this effect with 

increasing both β-sheet and random coil structures simultaneously with an 

associated decrease in β-turns up to 40% glycerol incorporation. [27]. Contrary to 

Zhang et al., Yun et. al. proposed that the amount of random coils also decreased 
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with addition of glycerol. Because of an increase in the moisture content due to the 

hygroscopic nature of glycerol, glycerol and water show synergistic effect in 

improveing plasticity after 50% glycerol concentration [28]. In both studies, it was 

observed that % elongation of the sericin films increased, while elastic modulus 

and tensile strength decreased after 20% glycerol addition. Up to the 20% glycerol 

addition, slight increase in the mechanical properties were observed due to physical 

interactions between glycerol, sericin and water molecules [27]. However, effective 

plasticization was achieved after 50% glycerol concentration [28].     

2.3 Nanoparticles 

Aside from plasticizers, another way to alter final properties of sericin is making 

composite structures by using reinforcement materials like nanoparticles, 

nanosheets, nanofibers etc. In addition to increasing mechanical properties, extra 

biological properties could be provided to the system via reinforcements such as 

bone forming ability and anti-bacterial properties or angiogenesis.  

2.3.1 Graphene Oxide for SS-GO Films 

Due to its functional groups, GO can easily and stably dispersed in water compared 

to other carbon derivatives [33]. Thanks to effective dispersion, it can be a good 

alternative for composite film applications. Aside from easy processing and large 

scale production, antibacterial activity of GO makes it a desirable nanomaterial for 

biomedical applications [33-37]. Antibacterial mechanism of GO is generally 

explained with direct contact and reactive oxygen species (ROS) formation 

mechanisms [33, 34]. In direct contact mechanism, small and sharp GO sheets with 

functional groups easily interact with bacterial cells, which disrupts and damages 

cell membranes, and consequently kills them [34, 38]. GO could show superoxide 

independent oxidative stress on bacterial cells through generation of hydroxyl 
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radicals [35]. For the case of mammalian cells, GO shows only a mild cytotoxicity 

at low doses [34].   

Due to its nano size, small amounts of GO can alter the properties of sericin 

significantly. In literature there is a couple studies which used sericin and GO 

together. Yun et. al. used GO and made SS/Glc/GO nanocomposite films. Due to 

the strong interfacial interactions between SS and GO tensile strength and Young’s 

modulus of final films was increased up to 15 and 600 MPa, respectively, while the 

crystallinity of the films decreases. Yet, due to the glycerol content crystallinity 

was balanced and elongation at brake showed an increase up to 40% [29]. On the 

other hand, Qi et. al. fabricated SerMA/GO hydrogel (SMH/GO) and showed that 

in addition to increasing mechanical properties, SMH/GO hydrogels facilitate 

osteogenesis by regulating autologous BMS migration and osteogenic 

differentiation [39]. Jayavardhini et al. found that GO impregnated sericin/collagen 

scaffolds showed blood compatibility, while demonstrating new blood vessels 

formation [40]. Recently, Zhang et. al. proposed chitosan/sericin/Ag@MOF–GO 

composite system as an antibacterial wound dressing alternative [41].  

2.3.2 Bioactive Glasses for SS-BG Films 

Bioactive glasses could be a good alternative for sericin based composite films for 

biomedical applications since they are already biocompatible and easily doped with 

additional ions which gives them the desired biological properties [42]. Dopant 

elements like Cu or Sr can increase the bone forming ability of the sericin films 

[43, 44]. Recently, it is observed that Sr improves the formation of blood vessel 

tissue [45], while Ag or Zn doping could increase the antibacterial activity of 

sericin with the release of positively charged ions as well as direct contact 

mechanisms [46, 47]. With the combination of more than one doping element into 

bioactive glass reinforcement, various biological properties can be provided to 

sericin. Although not investigated with, there are various examples which use 

bioactive glass with fibroin especially for its osteogenic properties. Christakiran et. 
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al. used electrospinning to make fibroin/bioactive glass composite mats which 

could support the growth and maturation of osteogenic and chondrogenic cells. 

While Zhu et. al. formed a SF/BG bioactive film, which showed enhanced 

proliferation of osteoblasts compared to SF films [48]. Moreover, it was reported 

that, Sr doped BG promotes early angiogenesis [44, 45] which is a crucial property 

for wound dressings. Due to the aforementioned biological advantages, along with 

tunable nature of doping element incorporation, using bioactive glass with sericin 

could be a promising topic. 

2.4 Wound Dressings 

Accute wounds can be described as the defects in epidermis/dermis of the skin 

layer which can heal naturally [49]. However, this healing process can take a long 

time. It was known that with the help of temporary wound dressings, healing 

duration can be reduced by facilitating healing steps [50]. Different types of wound 

dressings were used to improve wound healing process [51]. However, due to the 

challenging nature of the healing process, the search for an ideal wound dressing 

system still continues [52].  

Wound healing occurs in four stages [53, 54]. First stage is haemostasis where 

blood vessels tightened to minimize bleeding and form blood cloth. During this 

process, fibrin protein forms cross-links at the wound area to prevent bleeding and 

any contaminants to enter from the wound area. Afterwards, iflammation phase 

starts. Due to histamine release from the damaged tissue, blood vessels are 

expanded, called vasodilation, which facilitates migration of white blood cells 

(macrophages) to the wound site to fight bacteria via phagocytosis. After 2 to 4 

days, proliferation stage begins where  fibroblast cells entered the wound area and 

synthesize collagen which replaces the fibrin. Fibroblasts trigger endothelial cells 

to prolifereate, epidermis reforms and dermis contracts to close the wound. Final 

stage is remodeling and maturation phase where scab slabs off and collagens 
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rearranges which cause denser tissue. fibroblasts were reduced. As a result, a scar 

tissue is formed via fibrosis [51]. This prosess shematically shown in Figure 2.2.  

 

 

Figure 2.2 Schematic representation of different stages in the wound healing 

process [54]. 

 

Wound dressings should provide a convenient environment to facilitate the healing 

process in the wound area. Therefore, dressing material should be selected 

considering their ability to maintain/provide moisture, allow gas exchange between 

environment and wound area, facilitate epidermal migration, avoid bacterial 

growth, maintain sufficient temperature as well as promoting angiogenesis and 

connective tissue synthesis [49, 52, 53]. Moreover, they should not be toxic or 

allergenic. Various materials were used as wound dressings throughout centuries 

[55]. Although traditional dressings, which made of cotton fibers, polyesters or 

rayon have still been used in some applications due to their accessibility and 

affordability, modern dressings are fabricated to overcome their drawbacks, such as 

drainage or changing frequency. Nowadays, more and more alternative dressings 
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emerge in the form of films, foams, hydrogels, hydrocolloids, even tissue 

engineered skin substitutes [53, 56]. Some of the commercially available products 

and their characteristics are listed in Table 2.1. 

 

Table 2.1 Examples for the commercially available wound dressing products [53]. 

 

 

Most of the commercial dressing products are made of synthetic polymers. 

Majority of them are be considered as inactive, which only act as a barrier between 

wound tissue and its environment. Although they have some advantages, nowadays 

more natural polymers alternatives are investigated as a replacement for these 

synthetic dressings due to environmental and biological concerns [51, 55]. Among 

them, collagen, alginate, chitosan, hyaluronic acid, and elastin drew significant 

attention due to their biocompatibility, biodegradability, and non-toxic nature [52, 

53]. Moreover, smart wound dressings are also designed by making composite 

systems with these natural polymers and various reinforcing agents [54, 57]. Yet, 

more research is required to translate them to clinics. In addition to these 
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alternatives, it was shown that sericin could be an alternatenatural polymer 

candidate for such applications due to its unique properties if some of the 

drawbacks, such as mechanical properteis, were overcome [57]. 

 

2.5 Objectives 

The aim of this project was to utilize silk sericin, which was discarded as a waste 

material in textile industry, in biomedical applications. High temperature and 

pressure method was used to extract sericin. Brittleness, which is the biggest 

drawback of sericin, was remedied by introducing glycerol as a plasticizer at a 

suitable composition. Sr2+ and Zn2+ incorporated BG (which was not investigated 

previously in literature with sericin) and GO were used as reinforcing agents to 

improve the mechanical and biological properties, and antibacterial performance of 

the final composite films.   
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CHAPTER 3  

3 EXPERIMENTAL METHODS 

3.1 Materials 

Bombyx Mori silkworm cocoons were purchased from Kozabirlik (Bursa, Turkey). 

Graphene Oxide was kindly provided from the Nanomaterials Group of Assoc. 

Prof. Dr. Göknur Büke in TOBB University of Economics and Technology. 

Glycerol solution (84-88%), zinc nitrate hexahydrate (98%), strontium nitrate 

(>99%), tetraethyl orthosilicate (TEOS, 99%), triethyl phosphate (TEP, 99.8%), 

calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, CaN, 99%), and 

hexamethyldisilizane were purchased from Sigma Aldrich. Dulbecco’s Modified 

Eagle Medium (DMEM), penicillin-streptomycin, fetal bovine serum (FBS) and 

trypsin-EDTA were purchased from Biological Industries (BI). 3- (4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from 

Abcam. Tryptic Soy Broth (TSB) and agar were purchased from Merck. 

3.2 Extraction of Sericin 

In order to extract sericin, high pressure and temperature method was used in the 

experiments. Briefly, finely cut 5 grams of Bombxy mori silkworm cocoons were 

steeped with 50 ml of DI water in a 100 ml glass bottle. Afterwards, cocoon pieces 

were autoclaved at 120 °C for 20 min. At the end of the autoclave process sericin 

solution was obtained. The obtained sericin solution was centrifuged at 7800 rpm 

for 10 minutes to remove the remaining fibroin and other contaminations. Finally, 
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30 ml of supernatant was obtained and used as the sericin solution in the 

experiments without any purification or concentration steps. 

3.3 Preparation of Reinforcements 

GO was prepared by improved Hummers’ method [58]. In short, sulphuric and 

phosphoric acids were added to a beaker which contains graphite flakes. Then, 

KMnO4 was added carefully in that mixture while controlling temperature under 

constant mixing.  This reaction was continued for 2 days at 50 °C. Afterwards, the 

mixture was cooled, and H2O2 solution was added until the color of the mixture 

changed. Then the solution was centrifuged, and supernatant was discarded. 

Remaining material was washed first with HCl, and then with water and finally 

with ethanol. After drying GO was ready to be used. 

To prepare Sr and Zn doped BG particles, alkaline solution is prepared by using a 

0.66 volume ratio of distilled water to ethanol as the first solution which had a 

1.4M ammonia concentration. In order to make the second solution, ethanol, 

TEOS, and TEP were used (TEOS/Ethanol volume ratio ~ 0.09). The second 

solution was then added into the first solution. After one hour of stirring, CaN was 

added into it, and mixed for another hour. Lastly, SrN and ZnN were added to the 

system as the last two ingredients to complete the process. In order to prevent 

unreacted compounds from remaining in the system, the precipitates were 

centrifuged three times with water and ethanol. Furthermore, after the drying step, 

the powder was calcined  for 2h at 700°C. 

 

 

 

 

 



 

 

17 

3.4 SS/GO and SS/BG Composite Film Fabrication 

 

Figure 3.1 Synthesis steps used for sericin based composite films. 

 

After extraction of sericin, 15 ml of the obtained solution was transferred to a 

beaker and stirred at 200 rpm. During stirring, 50% (w/w) of glycerol (with respect 

to sericin) is added to this solution as a plasticizing agent. At the same time, BG or 

GO particles were weighted. For BG samples, 3, 5 and 7% (w/w, with respect to 

sericin) concentrations were prepared, whereas for GO samples concentrations 

were selected as 0.25, 0.5 and 1% (w/w, with respect to sericin), as listed in Table 

3.1. BG and GO were dispersed in DI water for 60 minutes using an ultrasonic 

bath. Then, these particles were combined with the sericin solution. Throughout the 

experiments, sericin solution was kept above 60 °C to prevent gelation. Finally, 

this mixture was sonicated 3 minutes in a ultrasonication bath, transferred to a petri 

dish, and then waited in an oven at 50 °C overnight. As a result, Sericin/BG or 

Sericin/GO composite films were obtained. Experimental procedure was shown in 

Figure 3.1. 
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3.5 Characterization of SS/GO and SS/BG Composite Films 

3.5.1 Scanning Electron Microscopy (SEM) 

Surface morphology and cross-section areas of the sericin films were investigated 

using an FEI Nova Nano SEM 430 model microscope. 10 kV accelerating voltage 

was utilized for imaging. All samples were coated with a thin layer of gold using 

Quorum SC7640 sputter coater for 3 minutes before SEM characterization to create 

an electrically conductive path.  

3.5.2 Energy Dispersive Spectroscopy (EDS) 

Elemental composition of the bioactive glass and sericin based composite films 

were identified using an energy dispersive X-ray spectroscopy (EDS) attachment to 

the SEM device. Thus, information about elemental content were obtained for each 

sample.  

3.5.3 X-ray Diffraction (XRD) 

Rigaku D/Max-2200 X-ray Diffractometer was used for analyzing XRD patterns of 

the sericin based films (before and after degradation) and reinforcements. 

Monochromatic Cu Kα radiation (λ = 1.54 Å) at 40 kV was used and diffraction 

angles (2θ) from 10 ° to 60° were scanned with 2°/min scanning rate.  

3.5.4 Fourier Transform Infrared Spectroscopy (FTIR) 

PerkinElmer 400 Fourier transform infrared spectrometer was used to determine 

molecular bonding characteristics of pure sericin, sericin/glycerol, 

sericin/glycerol/BG and sericin/glycerol/GO films (before and after degradation) 

within 4000 - 400 cm-1 scanning range with 4 cm-1 resolution using attenuated total 
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reflection (ATR) configuration. From changes in the fingerprint region of the 

spectrum, effect of secondary agents on the sericin was investigated. Also, 

alterations in the amide I region (1600-1700 cm-1) was used to determine secondary 

structure, and thus, the crystallinity of the composite films were assessed. Average 

of four spectra for each sample was reported.  

3.5.5 Mechanical Properties 

Instron 5565A testing machine was used for uniaxial tensile tests for sericin based 

composite films according to ASTM D882 standards. Films were cut as 1 x 5 cm2 

sheets, and gauge length was adjusted to 2 cm. 25mm/s loading rate was applied 

using a 5 kN load cell. Six experiments were conducted for each sample. All film 

samples were tested in wet condition at 37 °C. 

3.5.6 Thermal Analysis 

Thermogravimetric analysis (TGA) was conducted for thermal analysis of sericin 

based composite films. TA Instruments SDT 650 Simultane TGA device was used 

with a heating rate of 10°C/min between 25-600 °C in N2 environment. 

Information about thermal stability, dehydration, adsorption and decomposition can 

be obtained from the mass change curves as a function of temperature.   

3.5.7 Swelling and Degradation of Composite Films 

Sericin based composite films were cut as 2.5 x 2.5 cm2 sheets. Initial weights of 

the samples were measured and they were placed in 1xPBS (pH = 7.4). After 1, 24 

and 72 hours, wet and dry weights were measured to determine swelling and mass 

loss behavior, respectively, using the following equations: 

%𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =  
𝑊𝑓−𝑊𝑖

𝑊𝑖
 𝑥 100  %𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 =  

𝑊𝑖−𝑊𝑓

𝑊𝑖
 𝑥 100  
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(Wi = initial weight and Wf = final weight) 

3.5.8 Cell Culture and Metabolic Activity 

To evaluate the toxicity of the sericin films, fibroblasts (L929, ATCC number: 

CCL-1, passage number 21) were cultured using growth medium (DMEM, Sigma 

Aldrich D6429) supplemented with 10% fetal bovine serum (FBS, Biological 

Industries, 04-001-1A) and 1 % penicillin-streptomycin (Biological Industries, 03-

031-1B) under 5 % CO2 at 37 °C. All samples were sterilized with UV light twice 

for 30 minutes from the top and bottom sides.Then, samples were transferred to 

DMEM and kept for 72 hours at 37 °C for extraction. Fibroblasts were seeded to 96 

well plates at a density of 10.000 cells/cm2 and cultured for 24 hours in a 

humidified environment. Afterwards, media containing the sericin film extracts 

were added onto the cells and incubated up to 7 days in vitro. For determination of 

cytotoxicity, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) assay was used. After 1, 3, 5 and 7 days of culture, culture media were 

aspirated, and each well was rinsed with 1xPBS and 125 µL MTT solution was 

added. After 4 hours of incubation with the MTT solution, formazan crystals 

formed. 125 µL of 2-propanol-HCl solution was added to each well to dissolve 

formazan crystals. Using Thermo Scientific Multiskan GO spectrophotometer, 

optical density values of each well were measured at 570 nm. Experiments were 

conducted three times using three samples each time. 

3.5.9 Antibacterial Properties 

Sterile sericin films were transferred to 0.3% (w/v) Tryptic soy broth (TSB). After 

72 hours, extracted medium was added to 96 well plates.  Staphylococcus aureus 

(S. aureus, ATCC 25923) and Escherichia coli (E. coli, ATCC 10536) were used 

as gram-positive and gram-negative bacteria, respectively, to assess antibacterial 

properties of the films. Each bacteria were streaked onto LB-agar to form colonies, 
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and then single colony was isolated and inoculated into 3% (w/v) TSB and cultured 

18 hours with 200 rpm at 37 °C. Bacteria solution density was adjusted with 

1xPBS to optical density (OD) = 0.11 and seeded on extracted media placed in 96 

well plates and incubated for 24 hours at 37 °C. Afterwards, the cultured bacteria 

solutions were diluted using 1xPBS up to 5 logs and seeded onto sterile LB-agar 

plates. Seeded bacteria were incubated at 37 °C for 24 hours. Finally, colonies were 

counted and compared with control groups without extract samples.  

3.5.10 Statistical Analysis 

Experiments were conducted at least three times and results were reported as mean 

± standard deviation. Statistical analyses were performed with ANOVA using 

Tukey’s post-hoc test with significance based on *p ≤ 0.05 in SPSS software. 

 

Table 3.1 Composition of sericin based composite films. 
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CHAPTER 4  

4 RESULTS AND DISCUSSION 

The main purpose of this study was to utilize sericin, which is considered as a 

waste in textile industry for a long time, for biomedical applications due to its 

unique properties. Sericin was extracted from Bombxy mori silkworm cocoons with 

high temperature and pressure method thanks to its water solubility by autoclaving. 

During fabrication of sericin based films, glycerol was used as a plasticizing agent 

to overcome the high brittleness of sole sericin. Moreover, graphene oxide and Sr 

and Zn incorporated bioactive glass were used as second phase reinforcing agents 

to improve mechanical and antibacterial properties of the film samples. As a result, 

flexible sericin based composite films were fabricated as shown in Figure 4.1. The 

effect of each one of these modifications on final sericin films was examined in the 

following headings. 

 

Figure 4.1 Flexible sericin based composite films.  
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4.1 Effect of Glycerol 

SEM images of sole (SS) and 50% glycerol added (SSG) sericin films from its 

cross-section were shown in Figure 4.2. Average thickness of the films were 

measured as 58 ± 5 µm by using ImageJ software. It is clearly seen that, sole 

sericin has a brittle fracture surface whereas SSG films show ductile behavior 

during cutting after the 50% glycerol addition. Although there seems to be a slight 

increase in the surface roughness of the films after addition of glycerol, in both 

conditions surfaces of the films can be considered as smooth since no pattern 

formation is occured. Moreover, no phase seperation was observed, which indicates 

the good compatibility between glycerol and sericin  

 

 

Figure 4.2 Cross-sectional SEM images of a) SS and b) SSG films.  

 

In order to see the possible effects of glycerol on sericin films and decide the 

required amount that was used in this study, 3 different film groups were fabricated 

by using 30, 50 and 70% (w/w) of glycerol with respect to sericin before the 

experiments.  
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From the XRD spectra in Figure 4.3, it is evident that increasing glycerol 

concentration in the films increases the sharpness of the characteristic peak of 

sericin at 2Ɵ=19° [28]. This trend indicates that addition of glycerol can cause an 

increase in the regularity in the structure of the resulted films which can be 

correlated with crystallinity of sericin. Yet, to support these results, secondary 

structures of these films should be investigated since crystallinity of sericin is also 

related with its β-sheet content. [27], [28]. 

 

Figure 4.3 XRD spectra of sericin based samples with increasing glycerol 

concentration. 

 

It is reported that, secondary structures of sericin can be decided by the shifts of 

amide I region in FTIR peaks (1600-1700 cm-1) [27], [28]. While the peak at 1619 

cm-1 is related with β-sheet structure, peak at 1645 cm-1 is found out to be related 

with random coil structure [28, 39]. Therefore, after normalization, the ratio of the 

peak at 1619 to 1645 gives the idea about overall crystallinity of sericin. From the 

FTIR results of the sericin/glcerol films (Figure 4.4), it can be seen that with the 
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increasing glycerol concentration, amide I peak shifts to 1619 cm-1 which indicates 

that addition of glycerol induces the β-sheet formation. In their works, Zhang et al. 

[27] and Yun et al. [28] found the same trend with increasing glycerol 

concentration. This results also supports the XRD data. It was known that glycerol 

cause protein compaction [59] which is expected to reduce the flexibility. 

However, due to its hygroscopic nature, glycerol prevents the evoporation of water 

molecules during film casting which increases the moisture content of resulted 

products. Since water is also a strong plasticizer for many natural polymers, it can 

enter between sericin molecules (especially from random coil regions) and induce 

plasticity by increasing the free volume [28].  That effect was in accordance with 

the study of Teramoto et al. which claims that β-sheet structure was stabilized by 

water due to the intermolecular hydrogen bonding of hydrophobic regions of 

sericin, namely Ser and Thr sites [60]. Thus, flexibility of the films could be 

increased as a result of the synergistic effect of water and glycerol.   

 

Figure 4.4 FTIR spectra of the amide I region of sericin based films with increasing 

glycerol concentration. 
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Although crystallinity was increased with the addition of glycerol, due to its 

plasticizing effect it deteriorates the mechanical and thermal properties of the 

resulted films. From the TGA curves In Figure 3.6 it is seen that thermal 

decomposition of pure sericin is started mainly at 230 °C. Yet, after 50% glycerol 

addition that temperature decreases up to 195 °C (Figure 4.5a). This could be the 

result of the glycerol loss, which can easily be seen as an extra event in the first 

derivative of TGA curves (Figure 4.5b) as well as the increased chain mobility of 

sericin. Glycerol breaks the existing hydrogen bonds and forms new ones between 

sericin and glycerol which increases the free volume and consequently the mobility 

of chains. Also, stable β-sheet structure was diminished due to vaporizing of water 

molecules until 100 °C. Combination of these effects cause earlier thermal 

decomposition of SSG films. That mobility increase also has a negative effect on 

the mechanical properties of these films.  

 

Figure 4.5 a) TGA curves and b) derivatives of the TGA curves for SS and SSG 

films. 

 

Samples were soaked into 1xPBS for 72 hours in order to observe the degradation 

performance of the films. It was evident from the cross-sectional SEM images of 

both SSD and SSGD films in Figure 4.6 that after soaking, plasticized films were 
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also showed brittle like behaviour. Moreover, after degradation in PBS for 72 

hours, an irregular shaped pattern was observed on the top surface of the SSGD 

films. This change can be caused by the seperation of glycerol from the system 

since this irregular shaped pattern was observed throughout the surface 

homogenously. 

 

 

Figure 4.6 Cross-sectional SEM images of a) SSD and b) SSGD films (soaked in 

1xPBS for 72 h). 

 

Comparing the FTIR patterns of SS, SSG and SSGD samples (Figure 4.7), it can be 

seen that two peaks were appeared at 1108 and 995 cm-1 which are related to acyl 

and phenyl C-O and C=C bonds respecitively [61]. They demonstrated the 

successful combination of sericin and glycerol. However, after degradation of the 

films in 1xPBS in 72 hours, these peaks were disappeared and FTIR pattern of the 

degraded samples becomes like the initial SS sample. Which indicates that glycerol 

left the system during the degradation. Yet, in the experiments, it was seen that 

films could maintain their flexibility in wet form after these processes. This can 

imply that glycerol cannot leave the system completely or water molecules 

continued to act as a plasticizer after the diffusion of glycerol.  
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Figure 4.7 FTIR spectra of SS, SSG and SSGD films. 

 

Mechanical properties, that are directly related to chain mobility, were also an 

important criterion for the fabricated films besides their flexibility. Thus, 50% 

glycerol, which was found as the minimum amount that provides the required 

flexibility, was choosen as the fixed glycerol concentration for all of the produced 

sericin based composite films. 
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4.2 Effect of GO on SS Films 

4.2.1 Graphene Oxide (GO) 

Surface topography of GO was examined by scanning electron microscopy. GO 

sheet with wrinkles clearly seen in the SEM images in Figure 4.8a. Aggregated thin 

sheets forms a disordered solid. Moreover, XRD pattern for graphene oxide shows 

a strong peak at 2Ɵ=12.1° which corresponds to 0.8 nm interlayer spacings. That 

indicated the existence of oxygen containing functional groups in the GO (Figure 

4.8b). However, the peak at 2Ɵ=26° (0,33 nm interlayer spacing) indicates that 

some portion of non-oxidized graphite flakes were also present in the GO phase 

[62].   

 

Figure 4.8 a) SEM image, b) XRD, c) FTIR and d) Raman spectra of GO. 
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In FTIR curve of GO (Figure 4.8c), peaks were observed at 1814, 1731 (C=O 

stretching), 1621 (non-oxidized C-C bonds and adsorbed water), 1405 (C-OH), 

1250 (C-O-C), 1226 and 1067 (C-O) cm-1. The peaks further proofed the presence 

of oxygen containing functional groups such as carboxyl, hydroxyl, carbonyl or 

epoxy [35]. Broad band at 3400 cm-1 corresponds to O-H stretching due to the 

adsorbed water on the surface. Moreover, three main peaks were observed in 

Raman spectra of GO particles (Figure 4.8d) show characteristic G peak at 1575 

cm-1 corresponding to sp2 graphitized structure and D peak around 1350 cm-1 due 

to defects and disorders due to lattice distortion. The broad 2D band 2680 cm-1 also 

implies the disruption of stacking order of graphite after oxidation [35, 37, 62, 63]. 

4.2.2 SSG-GO Composite Films 

Cross-sectional areas of SS-GO samples were examined by scanning electron 

microscopy. It is seen in Figure 4.9, SSG-GO films have average thickness of 54 ± 

6 µm. They also show ductile surface characteristics due to 50% glycerol addition. 

Although there were some areas of aggregation, it can be said that GO phase was 

distributed uniformly throughout the sericin films.  

 

 

Figure 4.9 Cross-sectional SEM image of SSG-1GO sample. 
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Uniaxial tensile test results show that addition of GO increases the elastic modulus 

of resulted films from 16.7±0.9 MPa up to 19.3±1.9 MPa while decreasing their 

ductility up to one thirds (Figure 4.10). This might be the result of the hydrogen 

bonding between amino and hydroxyl groups of sericin and epoxy, hydroxyl and 

carboxyl groups in GO.  Due to these interfacial forces a portion of applied load 

can be transferred to secondary reinforcement phase [64]. Yet, to succesfully make 

this load transfer, GO should be extremely well dispersed in the films. Thus, the 

increase in modulus can only be occured as a result of decreasing chain mobility of 

the sericin after addition of reinforcing GO phase. That decrease in chain 

movement also reduces the plasticizers effect. Nevertheless, since enough 

flexibility is maintained in the films during experiments this phenomenon cannot 

constitue any problem. In addition, strong interactions between GO and sericin can 

restrains intermolecular bonding of sericin thus reduces β-sheet structures and 

crystallinity [29]. The preservation of flexibility may cause because of that 

condition. 

 

Figure 4.10 a) Stress-strain curves and b) Young’s modulus values of SSG and 

SSG-1GO samples. 

 

TGA curves of SSG-GO samples show 4 distinct regions. Up to 100 °C, weight 

loss occurred due to vaporization of adsorbed water. Around 195 °C glycerol 
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vaporizes which can be seen as an extra peak in first derivative of TGA curves 

(Figure 4.11). Thermal decomposition of sericin starts at 230 °C. Amorphous 

regions decomposes more quickly than crystalline regions (clearly seen in the 

derivative TGA curves) which can decompose around 320 °C. Since GO is a 

thermally unstable material [65] due to the pyrolisis of oxygen containing fuctional 

groups with the formation of CO, CO2 and steam [66], SSG-GO films decompose 

earlier than SSG and SS films. From the TGA curves, it can be seen that while 

addition of glycerol decreases the main thermal decompsition temperature of the 

films from 230 °C to 160 °C, 1% GO addition slightly decreases that temperature 

to 155 °C (Figure 4.11). Moreover, since GO starts to decompose earlier than 

sericin [66], after the experiment no weight loss difference was observed between 

SSG, SSG-GO films. 

 

 

Figure 4.11 TGA curves and derivatives of TGA curves for a) SSG and b) SSG-

1GO samples. 

 

After degradation in 1xPBS, brittle like surface behaviors were observed from the 

cross-sectional SEM image in Figure 4.12. Some thin voids were also seen after 

degradation, they may arise due to the detachment of aggregated GO during the 

degradation where glycerol diffuses out and swelling occurred at the same time. 

Moreover, a non-ordered but homogenously distributed pattern was seen at the top 
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surfaces of the films in dry state. This effect can be caused by the seperation of 

glycerol since similar pattern was observed from the degradation of SSG films 

whose FTIR pattern indicates firstly glycerol leave sthe system during degradation.  

 

 

Figure 4.12 Cross-sectional SEM image of SSG-1GOD sample. 

 

Water retention is one of the desired properties of sericin especially for wound 

dressing applications. Since glycerol increases the crystallinity of the films and GO 

can decrease the chain mobility their effect on swelling behavior could be crucial. 

Nevertheless, comparing the % swelling raitos (Figure 4.13a), SSG and SSG-

0.25GO samples show no significant difference. While SS-1GO samples were the 

lowest water retention ability after 3 days, SS-0.25GO ones showed the highest % 

swelling up to 130%. Overall, all samples has a average swelling ratio of 100-120 

%. Which means they can contain water more than their initial weigths in the wet 

form. % swelling showed a decreasing trend with increasing GO content. This 

results implies that strong hydrogen bonding with GO makes the penetration of 

water molecules difficult. Also, 1% GO did not disrupt the β-sheet formation 

dramatically. 
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Degradation was another important parameter for sericin since it is a biodegradable 

material. Effect of %GO in the mass loss of SS films was shown in Figure 4.13b. 

From that results, it is seen that all films regardless of their GO content lost nearly 

35-40% their initial weights in the first hour of degradation. Since there is a 50% 

glycerol were present in the films at the first place and XRD and FTIR results 

showed that it leaves the system during the degradation, this results showed that 

glycerol was seperated as early as 1 hour in that degradation period. After that, up 

to 3 days samples showed no significant weight change. Similar cocncentration 

dependent trend was also seen for mass loss.  

 

 

Figure 4.13 a) % swelling and b) % mass loss of SSG and SSG-GO samples up to 

72 h in 1xPBS. 

 

There were no significant diffenrence in X-ray diffraction patterns between SSG-

GO films (Figure 4.14). They all showed a major peak at 2Ɵ=21° and a small bump 

at 2Ɵ=14°. Since it was known that glycerol increases β-sheet content and 

crytallinity of sericin based films, that major peak can be caused by increasing 

regularity. Moreover, by comparing the XRD patterns of SS, SSG, SSG-1GO and 

SS-1GOD films in Figure 3.14, it is evident that after degradation the peak at 

2Ɵ=21° diminishes while 2Ɵ=14° one becomes dominant which is also the major 

peak of SS. Thus, it can be said that due to the loss of glycerol, ordered structure of 
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the sericin based films were declined after degradation. However, GO was not 

showed any change in the XRD spectra. Although, an interaction between 

functional groups of GO and sericin were expected, 1% GO addition cannot be 

sufficient to detect in XRD.  

 

 

Figure 4.14 XRD spectra of SS, SSG, SSG-1GO and SSG-1GOD samples. 

 

All SSG-GO films with changing graphene oxide concentrations showed similar 

FTIR patterns. Peaks at 1108 (C-O) and 995 (C=C) cm-1 are also present in their 

results since they contain 50% glycerol. Similar to SSG ones, with the degradation 

these peaks were fade out and the patterns became like SS (Figure 4.15) due to 

glycerol seperation. After degradation, a very slight peak was seen at 1815 cm-1 

which was also present in the FTIR cureve of graphene oxide with a small shift 

(Figure 3.8) but it did not considered as main FTIR peaks of GO in the literature.  

Nevertheless, it was too hard to detect and cannot provide enough informaiton. 
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Apart from that, since sericin has similar side groups with the functional groups of 

GO, though there were some intensity changes, no additional peak was detected as 

a result of GO addition. 

 

Figure 4.15 FTIR spectra of SS, SSG, SSG-1GO and SSG-1GOD samples. 

 

In order to determine cytotoxicity of SS-GO films, MTT assay was used. 0.01g/ml 

extracts of all samples were prepared in DMEM and L929 fibroblast cells were 

cultured by using these media up to 7 days. Indirect contact results (Figure 4.16) 

demonstrated that SSG-GO films show no toxicity on fibroblast cells. All groups 

have similar adhesion and proliferation patterns with the control group which was 

seeded on a treated polystryrene (TCP) surface and cultured with regular DMEM 

medium.  
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Figure 4.16 Viability of L929 fibroblasts up to 7 days in vitro. Values are mean ± 

SD (n=3), ns: non-significant. 

 

For the evaluation of antibacteral activity of SSG-GO films, s. aureus was used as 

gram positive and e. coli as the gram negative bacteria in the experiments. 0.01g/ml 

extracts of all SSG-GO samples were prepared in 0.3% TSB media. After culturing 

gram positive and negative bacteria with these media, resulted colony forming unit 

numbers were counted on agar plates after serial dilutions and antibacterial 

activities of these films were investigated. 

All samples show an antibacterial activity against s. aureus. While 0.25% GO 

decreases the CFU amount up to 46%, 0.5% GO show a significant decrease of 

54% with respect to non GO containing control group. 1% GO also decreases the 

colony formation up to 27% (Figure 4.17). This antibacterial effect could be caused 

by the ROS formation due to the interaction of functional groups of GO and 

bacterial cells [33], [35]. Also, small amounts of aggregated GO were detached 



 

 

39 

during extraction (Figure 4.12) which could induce the direct contact antibacterial 

mechanism [63].  

 

Figure 4.17 a) S. aureus colony counts for SS-GO films and (b-c) photographs of 

agar plates for b) SSG and c) SSG-0.5GO samples at 24 h of culture. Values are 

mean ± SD (n=3), *p< 0.05. 

 

Similarly, All GO samples show antibacterial activity against the gram negative e. 

coli. Increasing GO concentration from 0.25% to 1% decreases the number of 

formed colonies from 33% to 48%. CFU counting results can be seen in Figure 

4.18. Also, comparison of colonies on agar plates for SSG and SSG-1GO samples 
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were provided as an example of the visual difference between these groups. 

Increasing GO concentration, increases the antibacterial effect as expected. Same 

mechanisms with gram positive tests could also be a factor for these samples.  

 

Figure 4.18 a) E. coli colony counts for SS-GO films and (b-c) photographs of agar 

plates for b) SSG and c) SSG-1GO samples at 24 h of culture. Values are mean ± 

SD (n=3), *p< 0.05. 
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4.3 Effect of BG on SS Films 

4.3.1 Sr and Zn Doped Bioactive Glass (BG) 

SEM images (Figure 4.19a) shows the spherical morphology of the BG particles 

that were used in the experiments. Particle sizes of BG were measured as 420 ± 10 

nm. In in their EDS results (Figure 4.19b) building block elements like Si, O, Ca 

and P of BG can be detected as well as small amounts of the doping elements Sr 

and Zn in the produced BG particles. 

 

 

Figure 4.19 a) SEM image, b) EDS analysis, c) XRD and d) FTIR spectra of BG 

particles. 
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One large amorphous silica hump at 2Ɵ=21° was observed in the XRD pattern of 

the BG particles (Figure 4.19c) which indicates that no extra crystalline phase was 

formed. Also, three peaks of BG can be seen in the FTIR spectra. Since major 

component of the BG particles is Si, Si-O-Si bands clearly seen at 802 and 452 cm-

1. Besides, asymmetric P-O band were present at 1050 cm-1 due to the phosphate 

component of the BG (Figure 4.19d). That results further confirms that no 

additional phase was formed during the production of BG. 

 

4.3.2 SSG-BG Composite Films 

SEM images of SSG-BG films were taken from the cross-sectional areas of the 

samples (Figure 4.20a,b). Thickness of the films were measured as 61 ± 5 µm 

using ImageJ software. Cross-sectional images of the films show a ductile fracture 

behavior due to glycerol content. Due to their size (420 ± 10 nm) and round shape, 

second phase in these images were belong to bioactive glasses. Moreover, from the 

same cross-sectional images (Figure 4.20b) it is clearly seen that bioactive glasses 

show no agglomeration and distributed evenly throughout the composite film. This 

was an indicator of sufficient dispersion during sonication.  

EDS results of the SSG-BG films in Figure 4.20c proves that spherical particles in 

SEM images were the bioactive glasses since they contain elements like Si and Ca, 

which were not belong to sericin. Due to sensitivity of sericin to high voltages, 

only large area EDS results could be obtained. Thus, very low signals can be 

collected from the doping elements like Zn.  

In addition, bioactive glasses form a texture on the films, comparing to SSG 

samples, SSG-BG ones have rougher surfaces and round bioactive glass particles 

can easily be observed from their SEM images. The ones near the surface can be 

seen as brighter than inside ones.  
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Figure 4.20 (a-b) Cross-sectional SEM images and c) EDS spectra of SSG-7BG 

samples. 

 

Mechanical properties of SS-BG samples were investigated by uniaxial tensile test.  

The results show that BG addition increases the Young’s modulus of sericin based 

films from 16.7±0.9 MPa up to 22.4±0.6 MPa (Figure 4.21) while decreasing the % 

elongation. This increase was crucial since elastic modulus was an important 

parameter for tissue engineering applications and the results proofed that 

mechanical properties of plasticized sericin can be further increased near the 

desired values for skin [67] via reinforcements. That incerease could be the result 

of reduced chain movement of sericin molecules due to the added BG particles in 

between them. Also, due to the excellent dispersion of BG particles, small portion 

of the applied load might be distributed to BG phase. The decrease in chain 
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mobility also negatively effect the plasticizers activity. However, since sufficient 

flexibility was maintained in the films it could be acceptable. 

 

Figure 4.21 a) Stress-strain curves and b) Young’s modulus values of SSG and 

SSG-7BG samples. 

 

TGA of SSG-BG samples also show 4 distinct regions. Adsorbed water 

vaporization cause the weight loss up to 100 °C. Glycerol vaporization starts 

around 195 °C which can be seen as an extra peak in first derivative of TGA curves 

(Figure 4.22). Thermal decomposition of sericin starts at 230 °C. Fist, amorphous 

regions decomposes, then crystalline regions (clearly seen in the derivative TGA 

curves) starts to decompose around 320 °C. Similar to SSG-GO samples, addition 

of glycerol reduces the thermal decompsition temperature of SS from 230 °C to 

around 198 °C. However, even 7% BG addition did not change decomposition 

temperature further. Approximately 6 w% difference between SSG and SSG-BG 

was observed at the 600 °C. Which was stem from the bioactive glass content in 

the SS-BG films. Since these particles was not affected from heat at those 

temperatures, they showed very limited weight losses.  
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Figure 4.22 TGA curves and derivatives of the TGA curves of a) SSG and b) SSG-

7BG samples. 

 

SEM images of SSG-BGD samples were also investigated after 72 hours 

degradation in PBS (Figure 4.23a,b). SSG-BGD films showed brittle fracture 

behavior after degradation which was due to the loss of plasticizer. In their cross-

sections, it was observed that after degradation BG particles near the surface of the 

fracture plane were detached from the film and left spherical holes (Figure 4.23b). 

The size of these voids were matched with the particle size of bioactive glasses, 

thus it can be deduced that they were the belong to BG phase. 

Since it was seen that secondary reinforcing phase left the system during 

degradation, it is important to know that whether there were any secondary phase 

left in the system. EDS results after degradation (Figure 4.23c) indicates that 

elements came from bioactive glass phase like Ca and Si still present in the films 

after degradation.  Therefore, it can be said that only the reinforcements near the 

film surfaces were detached either during glycerol difusion or due to mechanical 

forces during fracture.  
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Figure 4.23 (a-b) Cross-sectional SEM images and c) EDS spectra of SSG-7BGD 

samples after soaking in 1xPBS for 72 h. 

 

Swelling behavior of the films were directly related to their water retention ability 

which is crucial for wound dressing applications. This characteristics could be 

affected by the addition of BG particles. However, comparing the % swelling raitos 

(Figure 4.24a), SSG and SSG-3BG samples did not show any statistical difference 

in each time points. While SSG-7BG samples were the lowest water retention 

ability, SSG-3BG ones showed the highest % swelling up to 105%. Nevertheless, 

all samples has a average swelling ratio of 90-100 %. Which means they can retain 

water more than their initial weigths in the wet form. % swelling showed a 
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decreasing trend with increasing BG content. Depending on this result, it can be 

said that BG particles could physically compacts the films and slight decrease was 

observed in water retention ability.  

Due to its biodegradability, mass loss was another important parameter for these 

sericin based films. Effect of %BG in SSG-BG films was shown in Figure 4.24b It 

was shown that all SSG-BG films lost nearly 35% their initial weights in the early 

stage of degradation. This could be the effect of glycerol since XRD and FTIR 

results showed that glycerol left the films during degradation. Thus, it can be said 

that glycerol seperation nearly completes during the first hour of degradation and 

no significant mass loss were observed after that.   

 

 

Figure 4.24 a) % swelling and b) % mass loss of SSG and SSG-BG samples in 

1xPBS up to 72 h. 

 

No significant changes in X-ray diffraction patterns of SSG-BG films were 

observed with respect to the changing BG concentration from 3 to 7 %. They all 

showed a major peak at 2Ɵ=21° and a small bump at 2Ɵ=14°. Similar to SSG-GO 

samples, that major peak can be caused by the addition of glycerol. To see the 

effect of degradation, comparing XRD patterns of SS, SSG, SSG-7BG and SSG-
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7BGD films in Figure 4.25 it was observed that, after degradation peak intensity at 

2Ɵ=21° reduced while 2Ɵ=14° one, which is also the major peak of sole sericin, 

becomes prominent. Since the peak at 2Ɵ=21°, which was also came from the 

silica hump of BG, was not vanished completely it can be said that after 

degradation, glycerol mostly left the system while sericin and BG remained. Yet, 

BG particles were not showed any effect on XRD spectra.  

 

Figure 4.25 XRD spectra of SS, SSG, SSG-7BG and SSG-7BGD samples. 

 

SSG-BG films with all concentrations showed same glycerol peaks at 1108 (C-O) 

and 995 (C=C) cm-1. Also, similar to previous SSG and SSG-GO samples, these 

peaks were diminished after degradation due to glycerol seperation (Figure 4.26). 

However, in SSG-BG samples, two extra peaks were observed in the FTIR curves, 

especially became more clear after degradaion since they coincide with the glycerol 

peaks, at 1062 and 440 cm-1 which were corresponded to asymmetric P-O bond and 

Si-O-Si bands of BG particles (Figure 4.17d) with small shifts. This phenomenon 
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further approves the presence of BG in the films after degradation. In addition, it 

can be said that BG particles were not altered the chemical structure of sercin.  

 

Figure 4.26 FTIR spectra of SS, SSG, SSG-7BG and SSG-7BGD samples. 

 

Toxicity of SS-GO films were evaluated by using MTT assay. L929 fibroblast cells 

were cultured with 0.01g/ml extracts of all samples in DMEM up to 7 days. 

Indirect contact results (Figure 4.27) demonstrated that SSG-BG films show no 

toxicity on fibroblast cells which can protect viability up to 7 days. In fact, there 

could be a trend of increasing O.D. values with increasing BG concentration 

especially after 3 days of culture. Yet, no statictically important difference was 

observed in the adhesion and proliferation patterns for all three groups and the 

control group which was seeded on a treated polystryrene (TCP) surface and 

cultured with regular DMEM medium.  
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Figure 4.27 Viability of L929 fibroblasts up to 7 days in vitro. Values are mean ± 

SD (n=3), ns: non-significant. 

 

To evaluate the antibacteral activity of SS-BG films, 2 bacteria groups namely s. 

aureus and e. coli were used as the gram positive and negative strains respectively 

in the experiments. 0.01g/ml extracts of three different composition of BG (SSG-

3BG, SSG-5BG and SSG-7BG) samples were prepared in 0.3% TSB media. After 

culturing with both the gram positive and negative bacteria, resulted colony 

numbers were counted on agar plates after serial dilutions. 

All samples show an antibacterial activity against s. aureus. SSG-3BG samples 

decreases the CFU amount up to 44%, while SS-5BG show a significant decrease 

of 56% with respect to control group SSG. In addition, SSG-7BG samples reduces 

the colony forming unit count up to 42% (Figure 4.28). Slight pH increase as well 

as the positively charged Zn ions could be responsible for this antibacterial effect 

since it can easily interact with the negatively charged bacterial wall and disrupt its 
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integrity [47]. Also, since small portion of BG particles were detached during 

degradation (Figure 4.17), direct contact inhibition could be a factor [42], [68].  

 

 

Figure 4.28 a) S. aureus colony counts for SS-BG films and (b-c) photographs of 

agar plates for b) SSG and c) SSG-5BG samples at 24 h of culture. Values are 

mean ± SD (n=3), *p< 0.05. 

 

For the gram negative e. coli. however (Figure 4.29), 3% BG show no antibacterial 

effect. In fact, although there is a relative decrease in the colony counts 5% BG 

samples cannot show significant decrease in the CFU amount. Yet, after 5%, SSG-

7BG samples show a statistial decrease in the colony count up to 27%. Therefore, it 

can be said that BG particles became effective against gram negative e. coli. when 
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their concentrations were higher than 5%. Which indicates that BG particles show a 

composition dependent antibacterial  behaviour. Therefore, increasing the BG 

concentration could be more effective in the future works. 

 

Figure 4.29 a) E. coli colony counts for SS-BG films and (b-c) photographs of agar 

plates for b) SSG and c) SSG-7BG samples at 24 h of culture. Values are mean ± 

SD (n=3), *p< 0.05. 
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CHAPTER 5  

5 CONCLUSIONS 

Due to having versatile properties, silk sericin became an important candidate for 

biomedical applications especially in the last decade. Selection of reinforging 

agents in this thesis demonstrated that various characteristics of sericin, including 

mechanical and biological properties, can be improved for temporary wound 

dressing applications.   

In this study, sericin was successfully extracted using high temperature and 

pressure method. Glycerol was used as plasticizer to provide the desired flexibility 

to sericin films without any phase seperation. Although XRD and FTIR results 

showed that glycerol diffused out the system at the early stages of degradation, 

processing and preparation got much easier upon the use of glycerol. Furthermore, 

with the addition of GO and BG as reinforcements up to 1 and 7% respectively, 

flexible sericin based composite films were fabricated. Owing to the effective 

dispersion of these secondary phase reinforcements,which was confirmed in the 

SEM images, films with enhanced Young’s modulus values up to 19.3±1.9 MPa 

for 1% GO and 22.4±0.6 MPa for 7% BG were obtained. Moreover, films showed 

85 to 105% swelling in 1xPBS, which indicated water retention ability of the 

fabricated films. Biological properties of the sericin based films were also 

evaluated in vitro. Toxicity of the films were investigated by MTT assay and the 

results showed that L929 fibroblast cells remained viable with successful 

proliferation up to 7 days of culture. Antibacterial activity of these films was 

studied against gram-positive S. aureus and gram-negative E. coli strains. Both 

sample groups showed a reduction in the colony counts for both bacteria strains.  

Due to having smaller size, lower amounts of GO showed the similar effect as 

higher concentrations of BG for both mechanical and antibacterial properties. Yet, 
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ion incorporation provides a wide range of adjustable properties to the resulted 

films. Thus, if the antibacterial activity is concerned GO could be preferred 

reinforcement phase whereas SS/BG composites can be useful where the cell 

interaction is important.  

As a result, these findings demonstrated that besides its intrinsic properties with the 

adequate plasticizers and antibacterial agents, sericin could potentially be utilized 

as an alternative wound dressing material. Moreover, due to the adjustable 

properties and protein-based nature of the sericin, its application areas could be 

further enhanced in biomedical area.   
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CHAPTER 6 

6 FUTURE WORK 

Although this work showed that sericin based composite films can be considered as 

alternative wound dressing materials, several aspects can further be investigated in 

future studies: 

• Gas permeability tests can be conducted using the sericin based composite 

films. 

• Angiogenic properties of the silk sericin films can be tested in vitro. 

• More adequate equipment can be used to disperse the secondasy phae more 

effectively.   

• Higher amounts of reinforcements can be combined with sericin  

• Swelling and degradation behavior of the films can be tested at earlier and 

later time points.  

• Finally, in vivo performance of sericin based composite films can be 

assessed. 
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