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ABSTRACT 

 

DEVELOPMENT OF ELECTRICALLY CONDUCTIVE POROUS SILK 

FIBROIN/CARBON NANOFIBER SCAFFOLDS 

 

 

 

Tufan, Yiğithan 

Master of Science, Metallurgical and Materials Engineering 

Supervisor : Prof. Dr. Mert Sertkaya 

Co-Supervisor: Assoc. Prof. Dr. Batur Ercan 

 

 

August 2020, 70 pages 

 

 

Tissue engineering applications typically require porous scaffolds which provide 

requisite surface area for cellular functions, while allowing nutrient, waste and 

oxygen transport with the surrounding tissues. Concurrently, scaffolds should ensure 

sufficient mechanical properties to provide mechanically stable frameworks under 

physiologically relevant stress levels. Furthermore, electrically conductive platforms 

are also desired for the regeneration of specific tissues, where electrical impulses are 

transmitted throughout the tissue for proper physiological functioning. Towards this 

goal, silk fibroin (SF) from Bombyx mori silkworms captured significant interest in 

tissue engineering applications due to its tuneable mechanical properties and ability 

to promote cellular functions. In this thesis, carbon nanofibers (CNFs) were 

incorporated into porous SF matrix as a secondary phase to provide electrical 

conductivity and enhance mechanical properties of SF. In the meantime, pore size 

and porosity of SF/CNF nanocomposite scaffolds were controlled during scaffold 

fabrication via the salt leaching process. For the developed scaffold fabrication 

protocol, CNFs were dispersed in SF owing to the hydrogen bond forming ability of 
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hexafluoro-2-propanol (HFIP), a fluoroalcohol-based solvent used for SF. Results 

showed that SF/CNF nanocomposite scaffolds having electrical conductivities and 

tangent modulus values as high as 0.04 S/cm and 260 ± 30 kPa, respectively, were 

fabricated. In the meantime, these SF/CNF nanocomposite scaffold had pore size of 

376 ± 53 µm and porosity as high as 78%. Furthermore, ~34% increase in the 

wettability of SF was achieved upon the incorporation of 10% CNF in SF scaffolds, 

which contributed to the enhanced fibroblast spreading on SF/CNF nanocomposite 

scaffold surfaces. 

 

Keywords: Silk fibroin, carbon nanofiber, nanocomposite, mechanical properties, 

electrical conductivity 
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ÖZ 

 

ELEKTRİKSEL İLETKENLİĞE SAHİP İPEK/KARBON NANOFİBER 

YAPIDA GÖZENEKLİ NANOKOMPOZİT DOKU İSKELESİ ÜRETİMİ 

 

 

 

Tufan, Yiğithan 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Doç. Dr. Batur Ercan 

 

 

Ağustos 2020, 70 sayfa 

 

Doku mühendisliği uygulamalarında çoğunlukla gözenekli yapıdaki doku iskeleleri 

tercih edilmektedir. Bunun başlıca sebepleri arasında gözenekli yapının hücresel 

fonksiyonlar için gerekli olan yüzey alanını sunması ve hücrelerin çevre doku ile 

besin, atık ve oksijen transferi yapmalarına imkan sağlaması yer almaktadır. Bununla 

birlikte, doku iskelelerinin mekanik özellikleri fizyolojik ortamdan kaynaklı yükleri 

taşıyabilecek yeterlilikte olmalıdır. Ayrıca, fizyolojik fonksiyonların yerine 

getirilebilmesi için doku boyunca elektriksel impalsların iletildiği dokularda 

elektriksel iletkenliğe sahip doku iskelelerine ihtiyaç duyulmaktadır. Bu doğrultuda, 

ayarlanabilir mekanik özellikleri ve hücre fonksiyonları üzerindeki olumlu etkileri 

nedeniyle Bombyx mori ipek böceklerinin kozalarından elde edilen ipek fibroin 

(SF), doku mühendisliği uygulamaları için önem kazanmıştır. Bu tez çalışmasında, 

gözenekli yapıdaki ipek fibroin doku iskelelerine elektriksel iletkenlik kazandırmak 

ve mekanik dayanımlarını artırmak amacıyla ikincil faz olarak karbon nanofiberler 

(CNF) eklenmiştir. Geliştirilen üretim metodunda, flor bazlı bir alkol olan 

hexafluoro-2-propanol (HFIP)’ün (SF çözücüsü olarak kullanılmaktadır) hidrojen 

bağı kurma yetisi kullanılarak CNF’ler SF içerisine dağıtılmıştır. Spesifik olarak, 

0.04 S/cm’ye ulaşan elektriksel iletkenliğe ve 260 ± 30 kPa’ya ulaşan esneklik 
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katsayısına sahip SF/CNF nanokompozit doku iskelesi üretilmiştir. Bu doku iskelesi 

%78 porozitede olup, ortalama 376 ± 53 µm boyutunda gözeneklere sahiptir. Ayrıca, 

%10 CNF eklenmesi sonucunda SF’nin ıslanabilirliğinde ~%34’lük bir artış elde 

edilmiştir. Bu artışa bağlı olarak fibroblastların SF/CNF nanokompozit yüzeylerinde 

SF’ye kıyasla daha fazla yayılıma uğradıkları tespit edilmiştir. 

 

Anahtar Kelimeler: İpek fibroin, karbon nanofiber, nanokompozit, mekanik 

özellikler, elektriksel iletkenlik 
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CHAPTER 1  

1 INTRODUCTION  

Tissue engineering is a developing field for the treatment of damaged tissues [1]. 

The field is structured on the use of scaffolds as temporary mechanical supports for 

the engraftment of cells to the injury site to induce tissue regeneration [2][3]. The 

use of scaffolds in tissue engineering is schematically illustrated in Figure 1.1. 

Briefly, cells are isolated from the patient, cultivated in vitro and seeded into porous 

scaffolds [4]. Then, the scaffolds are transplanted to the damaged region for the 

regeneration of healthy tissues. Depending on the origin and nature of isolated cells, 

they can be seeded directly into the scaffolds or differentiated prior to seeding during 

in vitro cell expansion. Scaffolds used in tissue engineering should provide an 

appropriate environment for cellular adhesion, as well as nutrient and oxygen 

transportation with the surrounding tissues [5]. Concurrently, they should allow cells 

to produce their own extracellular matrix and be gradually replaced with body’s own 

cells owing to their biodegradation characteristics [6]. Additionally, scaffolds should 

have similar mechanical properties with the host tissue for proper physiological 

functioning [7]. 
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Figure 1.1. The use of scaffolds in tissue engineering applications.  

Examples of tissues investigated for tissue engineering include, bone, cartilage, skin, 

neural, heart tissues and etc [6]. The choice of material and fabrication method 

should be precisely engineered to fulfil the requirements of the tissue and organ in 

question. For example, in bone tissue engineering, natural polymeric materials such 

as chitosan, collagen and silk have been combined with calcium phosphates to mimic 

the structure and properties of bone tissue (30% w/v organic collagen fibrils and 70% 

inorganic calcium phosphate crystals) [8]. On the other hand, for nerve regeneration, 

scaffolds were designed to mimic physical and mechanical properties of peripheral 

neural tissue [9]. Synthetic and natural polymeric materials, such as polylactic acid 

(PLA), poly(ε-caprolactone) PCL, collagen, silk and their composites, were utilized 

to obtain flexible and electrically conductive scaffolds for neural regeneration [9]. 

Similarly, scaffolds utilized for cardiac tissue engineering (CTE) should provide 

mechanical integrity, electrical conductivity, biodegradability and optimal biological 

interactions with the host tissue for enhanced cellular activity and vascularization 

[10]. Though several synthetic and natural polymeric materials, including ploy(lactic 

acid) [11], poly(glycolic acid) [12], chitosan [13] and alginate [14], as well as 

polymer-nanocomposites like PCL/carbon nanotube [15] and alginate/gold 
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nanowires [16] were explored for CTE, more research is required for their translation 

into clinics [10].   

1.1 Silk Fibroin  

Bombyx mori silkworm silk fibroin (SF), well-known for its strength and luster, has 

not only been used as a luxury textile fiber but also as a suture material for centuries 

[17]. In the last 2 decades, silk based biomaterials captured considerable attention of 

the scientific community owing to their unique properties, including high strength 

and toughness, biocompatibility, biodegradability and ability to fabricate in different 

material forms [18]. Also, large-scale production of silk for the textile industry made 

it an abundant material with a reasonable cost [17]. Bombyx mori silkworms (the 

main producer of silk worldwide) spin cocoon silk (Figure 1.2a and 1.2b) at their 

fifth instar stage and use it as a protective covering until growing to the moth stage 

[19].  Raw cocoon silk is a protein based material consisting of two parallel fibroin 

fibers encapsulated inside a sericin outer lining, which holds the fibroin fibers 

together as shown in Figure 1.2c [20]. Silk fibroin, the main structural component of 

the cocoon, is purified from sericin upon degumming the raw silk to be used in 

different material forms [21]. The unique properties of SF originated from its 

hierarchical structure (Figure 1.2d and 1.2e) starting from the molecular level (~3Å) 

up to final form (~15 µm).  
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Figure 1.2. a) Bombyx mori silkworm, b) Bombyx mori silkworm silk cocoon, c) 

cross-sectional SEM image of raw silk showing sericin and fibroin [22], d) AFM 

image showing the fibroin fibrils [23], e) schematic drawing illustrating the 

hierarchical structure of silk fibroin [24] and f) various material forms of silk fibroin 

[25]. 

Examples of silk fibroin material forms include, but are not limited to, gels, films, 

fibers and sponges (Figure 1.2f) [25]. This variety in the final material form of SF is 

due to its ability to be solubilized in ionic solutions including lithium salts or 

CaCl2/ethanol/water solutions [26]. Once these solutions are dialyzed, SF remains 

stable as an aqueous solution (for a limited time) for use in numerous fabrication 

methods [17]. Alternatively, for long term storage, SF solutions can be lyophilized 

after the dialysis step. In this case, another solvents, i.e. 1,1,1,3,3,3-hexafluoro-2- 
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propanol (HFIP) can be used to dissolve lyophilized SF; and then, the solution can 

be used in the fabrication of different material forms [17][26]. 

 

The ability of SF to be fabricated in different material forms offers a diversity in its 

physicochemical, mechanical, biological and degradation properties [27]. Also, the 

aforementioned properties could be fine-tuned through the optimization of SF 

fabrication parameters [27]. For example, mechanical properties for different 

material forms of SF vary considerably, as listed in Table 1.1 [20]. It is also clear in 

Table 1 that the mechanical properties of a SF material form can be tailored by 

altering its porosity, pore size and SF concentration.  
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Table 1.1 Mechanical properties of different SF material forms [20] 

Material form (SF 

concentration) 
Pore size 

(µm)/porosity 

(%) 

Young's 

Modulus 

(GPa) 

Ultimate Tensile 

Strength (Mpa) 

Methanol treated sponges 

(6 wt%) 
151±40 / 87.6 0.00043 0.02 

HFIP-derived sponges 

(17 wt/v%) 
15-202 / - 0.00045-0.001 0.175-0.25 

Aqueous-derived 

sponges (4 wt/v%) 
940±50 / 95 0.00007 0.011 

 
760±30 / 95 0.00008 0.011 

 
650±30 / 97 0.0001 0.012 

 
570±30 / 97 0.000115 0.013 

 
470±30 / 97 0.00013 0.013 

Aqueous-derived 

sponges (8 wt/v%) 
920±50 / 92 0.0013 0.1 

 
750±20 / 94 0.00153 0.125 

 
640±30 / 95 0.00194 0.14 

Aqueous-derived 

sponges (10 wt/v%) 
920±50 / 85 0.00333 0.32 

Hydrogels (8 wt/v%) - - 0.0252 

Films (as cast) - 3.9 47.2 

Films (methanol-treated) - 3.5 58.8 

Films (water-annealed) - 1.9 67.7 

Films (ultrathin, layer by 

layer assembly) 
- 6-8 100 

Electrospun mat (3 wt%)  
- 15 
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1.2 Structure of Silk Fibroin  

SF consists of heavy (350 kDa) and light (25 kDa) polypeptide chains which are 

linked together with a single disulphide bond [28]. The light chain of SF mainly 

contains of alanine (14%), serine (10%) and glycine (9%) amino acids, whereas the 

majority of SF heavy chain is composed of glycine (G) (45.9%), alanine (A) (30.3%), 

serine (S) (12.1%), tyrosine (Y) (5.3%) and valine (1.8%) residues (their molecular 

structures are given in Figure 1.3a [29]. SF heavy chain consists of large hydrophobic 

repetitive domains that are intervened by smaller hydrophilic non-repetitive 

domains, as illustrated in Figure 1.3b [20]. In detail, majority of the heavy chain 

contains GAGAGS and GAGAGY repeats, where they constitute 72% of the overall 

repeat units [30]. These repeating units play a critical role for the secondary structure 

of SF. For example, GAGAGS was reported to be the only unit that can form β-sheet 

crystallites, whereas GAAS tetrapeptides were responsible for the formation of β-

turns [30]. Therefore, the hydrophobic amino acid sequence of the heavy chain, 

mainly the (GAGAGS)n repeats is capable of forming β-sheet crystallites via 

intermolecular forces and these highly ordered β-sheet crystallites embedded within 

an amorphous matrix are responsible for superior mechanical properties of SF 

[31][32]. 
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Figure 1.3. a) Chemical structures of the most abundant amino acids in SF and b) 

primary structure of SF [33].  

Secondary structures of proteins refer to the folded polypeptides which are stabilized 

by hydrogen bonds between the amine and carboxyl groups of amino acids [30]. The 

most common secondary structures, α-helices and β-sheets, were illustrated in Figure 

1.4a. There are also β-turns located at the regions where polypeptide chains change 

folding directions (Figure 1.4a). The unfolded polypeptide chains are generally 

referred as random coil [30]. Though an individual hydrogen bond is weaker than a 

covalent bond, large numbers of hydrogen bonds in α-helices and β-sheets highly 

reinforce the interactions between polypeptide chains and greatly enhance the 

strength of these secondary structures [30]. 
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Figure 1.4. a) The most common secondary structures of SF [30], b) illustration of 

β-sheets in SF [30], c) hierarchical structure of SF [24] and AFM analyses of d) silk 

nanofibrils and e) silk molecular chains [24].  
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The remarkable strength of SF arose from β-sheet crystallites (the tertiary structure 

of SF) [34]. They are formed when several adjacent β-sheets (Figure 2b) from 

different molecules are stacked in a raw forming hydrogen bonds as well as 

hydrophobic and van der Waal’s interactions between adjacent layers [30]. For 

convenience, β-sheets are considered as 2D crystals, whereas β-crystallites are 

crystals in 3D [30]. The latest study investigating the structure of SF exhibited its 

hierarchical structure (Figure 1.2e) composed of molecular chains, nanofibrils, 

fibrils and fibers, from the lowest dimension up to macro levels, respectively (Figure 

1.4c) [24]. AFM analyses of two hierarchical levels, nanofibrils and molecular chains 

(Figure 1.4d and Figure 1.4e, respectively) of SF, revealed that SF nanofibrils have 

~3 nm diameter whereas SF molecular chains has a diameter of 3.7 ± 0.9 Å.  

1.3 SF Based Scaffold Design for Tissue Engineering Applications 

SF based biomaterials were proposed for various tissue engineering applications, 

including bone, cartilage and skin regeneration, urethral and corneal reconstruction, 

as well as cardiac regeneration [35][36][37][38][39][40][41][42]. 3D porous 

architectures were generally preferred in these applications as they provided higher 

surface area for cell adhesion and proliferation, better cell/scaffold integration and 

nutrient/waste transportation [43]. One of the main advantages of using SF scaffolds 

in tissue engineering was the ability to control its 3D porous architecture through the 

alteration of fabrication parameters (mainly the total pore volume and mean pore 

size), which in turn governs mechanical properties and biological interactions [44]. 

However, sub-optimal mechanical properties of 3D scaffolds under physiologically 

relevant stresses was a major concern. As a matter of fact, the lack of an ideal porous 

architecture to satisfy both the mechanical and the cellular requirements impeded 

their widespread adaption in clinical settings for various tissue engineering 

applications. Therefore, 3D scaffolds require the ability to maintain their physical 

characteristics under biomechanical stresses, allow infiltration and proliferation of 

cells within their porous architecture and promote tissue regeneration. 
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Although there were several studies investigating the effect of porous architecture 

on scaffold properties, conflicting results exist on the optimal pore size range of 

scaffolds for tissue formation. For instance, SF scaffolds utilized for bone tissue 

engineering having a pore size range of 400-600 µm induced higher bone protein 

secretion and calcium deposition compared to scaffolds that have pore size ranges of 

250-500 µm and 500-1000 µm [45]. On the other hand, when human bone marrow 

derived mesenchymal stem cells (hMSCs) were cultured on SF scaffolds, the ones 

having a pore size range of 112-224 µm exhibited the most efficient extra cellular 

matrix mineralization [46]. For cartilage regeneration, the mean pore size of ~500 

µm was found to be the most beneficial for chondrogenic differentiation [47], 

whereas SF scaffolds having 71–210 μm pore size were observed to enhance 

adhesion, viability and proliferation of MSCs for cartilage regeneration [48]. 

Moreover, Di Felice et al. [49] suggested enhanced cardiac protein expression and 

extra cellular matrix synthesis of rat cardiac progenitor cells on SF scaffolds having 

pores in the size range of 200-400 µm. Nonetheless, it’s worth noting that the origin 

and types of cells used in these studies might vary and lead to the conflicting results 

on the optimal pore size range of scaffolds.   

 

Along with mean pore size, SF concentration was another important parameter in the 

design of SF scaffolds. In fact, studies showed altered cellular interactions and 

mechanical properties of SF scaffolds upon the changes in porosity and SF 

concentration. For instance, Mandal et al. [50] investigated human dermal fibroblast 

functions on Antheraea mylitta SF scaffolds and observed improved cellular 

migration and proliferation on scaffold having higher porosity. In a follow-up study 

[51], the effect of SF concentration on cellular adhesion and proliferation was 

investigated for SF films upon the changes in SF concentration. It was suggested that 

2 w/v % SF films supported MSC proliferation better than SF films with 4 and 6 w/v 

% concentrations. On the other hand, Rnjak-Kovacina et al. [52] observed that there 

was no significant difference in hMSC proliferation on SF scaffolds having 0.5, 1, 2 

and 4 w/v % SF concentrations. Interestingly, when bone marrow derived stromal 
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cells (BMSCs) were cultured on SF scaffolds, the viability of cells were shown to be 

significantly higher on 5 w/v % SF scaffold compared to 3, 7 and 9 w/v % SF 

scaffolds [53]. In addition, a gradual decrease in the pore size with an increasing SF 

concentration was reported where 5 w/v % scaffolds had the optimal pore size (~120 

µm) for the proliferation of BMSCs [53]. 

 

In addition, elastic modulus of a scaffold was critical in regenerative therapies where 

a scaffold having an elastic modulus matching that of host tissue could better support 

biomechanical stresses, while inducing native-like tissue regeneration faster in vitro 

and in vivo. Since the mechanical properties of different tissues differ considerably, 

i.e. elastic modulus of cortical bone is 15-25 GPa [54], skin tissue is ~30 MPa [55] 

and heart muscle tissue is 50-100 kPa [56], the ability to SF scaffolds to be fine-

tuned for desired mechanical properties provides a major advantage. Among the 

scaffold characteristics that govern mechanical properties, SF concentration, total 

pore volume, mean pores size and the uniformity of porous microstructure are 

particularly important [57]. For instance, compressive moduli of SF scaffolds were 

inversely proportional with mean pore size, where the modulus increased from 70 ± 

5 kPa up to 130 ± 10 kPa upon a decrease in the mean pore size from 940 ± 50 µm 

to 470 ± 30 µm (porosities of these scaffolds were 95 ± 1.8 and 97 ± 0.5, respectively) 

[58]. In addition, the compressive moduli of scaffolds also increased with increasing 

SF concentration; for instance, 100 ± 5 kPa was reported for 4 w/v % SF scaffolds, 

whereas 1940 ± 240 kPa was reported for 8 w/v % SF scaffolds (no significant 

difference was reported between their pore sizes and porosities) [58]. Researchers 

correlated the increased elastic modulus upon the increase in SF concentration with 

cellular morphology. Specifically, increasing the SF concentration from 0.5 to 4 w/v 

% resulted in a modulus increase from 44.50 ± 18.08 to 321.33 ± 49.38 kPa, which 

was proposed to induce a more spread hMSC morphology. Furthermore, Engler et 

al. [59] observed that matrices having lower elastic modulus induced MSC 

differentiation into neuronal lineage, yet the ones having higher elastic modulus up-

regulated osteogenic genes. Similarly, polyethylene glycol dimethacrylate hydrogels 
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having lower scaffold elasticity (3 kPa) was found to direct expression of endothelial 

markers in MSCs, whereas expression of smooth muscle cell markers was 

demonstrated on hydrogels with higher elasticity (>8 kPa) [60]. Therefore, the proper 

choice of scaffold material might provide an advantage to fine tune mechanical and 

biological properties through a well-designed 3D porous architecture.  

1.4 Carbon Nanofiber Reinforced Silk Fibroin Composites for Tissue 

Engineering Applications  

Electrically conductive platforms were shown to enhance tissue regeneration, 

especially for neural and heart muscle tissues, where electrical impulses had a 

significant role in physiological functioning [61][62]. As a matter of fact, electrically 

conductive tissue scaffolds having similar electrical conductivities to that of native 

tissue were needed for proper physiological functioning and faster tissue 

regeneration [63]. For instance, a cardiac patch should have a conductivity range of 

5 x 10-3 to 0.16 S/cm to mimic cardiac tissue [64]. To achieve this, electrically 

conductive secondary phase reinforcements including graphene, carbon nanotubes 

(CNTs) and carbon nanofibers (CNFs) were proposed for tissue engineering 

scaffolds [65][66]. Among the conductive secondary phase additives, CNFs offer 

high aspect ratio, low toxicity, high dispersion in aqueous media and ability to be 

easily functionalized [66][67]. An individual carbon nanofiber can be considered as 

stacks of curved graphene sheets with a certain angle (nanocones) as shown in Figure 

1.5a [68]. The high aspect ratio of CNFs (Figure 1.5b), i. e. the average diameter of 

~100 nm with a length up to 200 µm, was beneficial to reach percolation threshold 

for electrical conductivity (Figure 1.5c) when used as a secondary phase 

reinforcement [69]. It was demonstrated in Figure 1.5d that poor dispersion inhibits 

the network formation, whereas good dispersion (whether the formation of CNF 

bundling or not) together with good distribution (the way the CNFs fill the space) 

might still lead to gaps between CNFs to prevent electrical conductivity [69]. 
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Therefore, good dispersion of CNFs while remaining their physical contact was 

essential to obtain electrical conductivity inside an insulating matrix [69].  

 

There were several studies revealing the potential of CNFs for use in biomedical 

applications [70][71][72]. For instance, enhanced metabolic activity of neonatal rat 

cardiomyocytes and increased expression of cardiac specific genes were observed 

on electrically conductive chitosan/CNF scaffolds compared to non-conductive ones 

[73]. It was also demonstrated that electrically conductive scaffolds promoted 

enhanced myotube maturation compared to their non-conductive counterparts in 

skeletal muscle tissue [74]. Webster et al. [75] investigated the effect of CNF on 

neural and osteoblast cell functions using PU/CNF composite substrates. Their 

results suggested that PU/CNF composites supported neurite extensions and 

enhanced osteoblast functions. In another study where the interactions of neurons 

and cardiomyocytes with PLGA/CNF composites were investigated, electrically 

conductive composites having 75 wt. % CNF revealed increased cardiomyocyte 

density up to 5 days in vitro [76]. A similar trend was also obtained for neurons, i.e. 

neuronal density was significantly higher on CNF containing conductive PLGA 

composites after 4 days of culture [76]. SF/CNF composite films having various 

CNF concentrations revealed that nanocomposite films were cytocompatible up to 

5:100 CNF:SF weight ratio [66]. In another study, growth factor loaded porous 

SF/CNF scaffolds were investigated for orthopedic applications [77]. The detailed 

in vitro and in vivo studies revealed that SF/CNF scaffolds promoted successful bone 

regeneration with minimal inflammatory response.  
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Figure 1.5. a) High resolution TEM image (inset shows the stack cone structure of a 

CNF) [78], b) TEM image of an individual CNF, c) electrical resistivity as a function 

of filler loading and d) schematics showing the effect of CNF distribution and 

dispersion on electrical conductivity inside an insulative matrix [69].  
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In this thesis, electrically conductive, porous SF/CNF nanocomposites were 

fabricated for tissue engineering applications. The specific aim of this thesis was the 

comprehensive investigation of the effects of SF/CNF nanocomposite characteristics 

(fibroin content, pore size, total pore volume and CNF concentration) on the physical 

and mechanical properties of scaffolds, as well as assessing their influence on the 

biological interactions of cells with the nanocomposites. In this thesis, a 

comprehensive design of an electrically conductive porous SF/CNF nanocomposite 

was carried out. Results indicated that SF/CNF nanocomposites could be potential 

candidates for tissue engineering applications, especially for applications where 

transmission of electrical impulses was a prerequisite for tissue regeneration.  
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CHAPTER 2  

2 EXPERIMENTAL METHODS 

2.1 Materials 

Cocoons of Bombyx Mori were purchased from Kozabirlik (Bursa, Turkey). CNFs 

(<100 ppm iron content without surface functional groups), sodium carbonate 

(Na2CO3), lithium bromide (LiBr), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and 

methanol (CH3OH) were purchased from Sigma Aldrich (St. Louis, Missouri) and 

used as received. NaCl particles were purchased from Isolab (Istanbul, Turkey). 

Dulbecco’s Modified Eagle Medium (DMEM), penicillin-streptomycin, fetal bovine 

serum (FBS) and tyripsin-EDTA were purchased from Biosera (Nuaille, France). 3-

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

sulfoxide (DMSO), glutaraldehyde and hexamethyldisilizane (HMDS) were 

purchased from Glentham (Wiltshire, UK), Genaxxon Bioscience (Ulm, Germany), 

Merck (Darmstadt, Germany) and Sigma (St. Louis, Missouri), respectively.  

Ultrapure water prepared with a Millipore Milli-Q purification system (Burlington, 

Massachusetts) was used in all experiments.  

2.2 Extraction of Silk Fibroin from the Bombyx Mori Cocoons  

SF was extracted from Bombyx Mori cocoons. Sericin outer protein layer was 

dissolved by boiling cocoons in 0.02 M Na2CO3 solution for 30 min at 80 oC. The 

extracted SF was dried inside a fume hood for 12 hr. The dried SF was dissolved in 

12 M LiBr solution for 4 hr at 60 oC and dialyzed against distilled water for 4 days 

to remove Li+ and Br - ions. Afterwards, dialyzed SF solution was centrifuged for 30 

min at 4 oC to remove left-over impurities, followed by freezing the SF/water 
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solution at -20 oC for 24 hr. Finally, the frozen SF/water solution was lyophilized 

using Christ Alpha 2-4 LDplus. Lyophilized SF was stored at room temperature. 

2.3 Scaffold Fabrication  

To fabricate porous 3D fibroin scaffolds, HFIP was used as a solvent to dissolve 

lyophilized SF and NaCl particles were used as porogen agent. Firstly, SF was 

weighted to obtain 5 and 10 % (wt./v) HFIP/SF solutions. NaCl particles were sieved 

to obtain 50-90, 100-180 and 350-425 µm particle size ranges as per ASTM E1638 

standard. Scaffolds fabricated using NaCl particles having 50-90, 100-180 and 350-

425 µm size ranges (15:1 NaCl:SF ratio) were named as SF_50, SF_100 and SF_350, 

respectively. NaCl particles were weighted to obtain of 5:1, 10:1, 15:1, 20:1 and 25:1 

NaCl:SF (wt.:wt). For convenience, the fabricated scaffolds were named as per 

NaCl:SF weight ratio utilized in their fabrication; for instance, 5Na:SF nomenclature 

was used for the NaCl:SF ratio of 5:1 and 25Na:SF was used for 25:1 ratio, etc. CNFs 

(with 50-70 nm inner diameter and 20-200 µm length) were incorporated into porous 

SF scaffolds at 0, 1, 3, 5, 7.5, 10 and 15 wt.% concentrations. For instance, 0.03 g 

CNFs were incorporated into 0.3 g SF for the nanocomposite having 10 wt. % CNF. 

In the fabrication of SF/CNF nanocomposite scaffolds, other fabrication parameters 

(5% SF, 350-425 μm NaCl particle size range and NaCl:SF ratio of 15:1) were kept 

constant. The SF/CNF nanocomposite scaffolds were named with a suffix 

identifying their CNF content; for instance, SF-0C nomenclature was used for 0% 

CNF and SF-1C nomenclature was used for 1% CNF, and etc. Prior to scaffold 

fabrication, CNFs were treated in 1:1 HNO3:H2SO4 (v:v) solution for 24 hs (to obtain 

surface functional groups), thoroughly rinsed with DI water and dried inside an oven 

at 60 oC. SF was dissolved in as-received HFIP (for 0 wt. % CNF concentration) and 

HFIP/CNF mixtures to obtain 1, 3, 5, 7.5, 10 and 15 wt. % CNF concentrations. 

Afterwards, NaCl particles were incorporated inside HFIP/CNF/SF solution and 

placed inside a fume hood for another 24 hr to evaporate HFIP. Once HFIP 

evaporated, samples were placed in methanol for 24 hr to induce crystallization of 
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fibroin. Finally, the scaffolds were washed with DI water for 4 days to dissolve NaCl 

particles. Schematic drawing of the production route was given in Figure 2.1. 

 

Figure 2.1. Schematic showing the fabrication steps of SF/CNF scaffolds. a) Bombyx 

Mori cocoons were cut and boiled in 0.02 M Na2CO3 solution to extract SF protein. 

Extracted SF was dissolved in 12 M LiBr solution, followed by dialysis against DI 

water.  Afterwards, the dialyzed SF aqueous solution was lyophilized. b) Lyophilized 

SF was dissolved in CNF dispersed HFIP at 5% and 10% SF/HFIP (wt./v) 

concentrations (no CNF was used for the control samples). After that, NaCl particles 
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having different particle size ranges (50-90, 100-180 and 350-425 µm) were 

incorporated into SF/HFIP solution at 5:1, 10:1, 15:1, 20:1 and 25:1 (wt./wt.) 

NaCl:SF ratios. Finally, samples were rinsed with DI water to remove NaCl particles. 

Scale bars are 2 cm. 

2.4 Characterization of SF/CNF Nanocomposite Scaffolds  

2.4.1 Scanning Electron Microscopy (SEM) 

FEI Nova Nano SEM 430 microscope (Brno, Czech Republic) was used to image 

cross-sections and fracture surfaces of the scaffold. Philips XL30 ESEM FEG 

(Eindhoven, Netherland) microscope was used to characterize cellular 

morphologies. Up to 10 kV accelerating voltage was utilized during image 

acquisition. Prior to SEM characterization, Quorum SC7640 high-resolution sputter 

coater (East Sussex, UK) was used to coat a thin gold layer on scaffolds to create an 

electrically conductive path.  

2.4.2 Transmission Electron Microscopy (TEM) 

CNFs were prepared for TEM characterization via ultrasonic dispersion in 2-

propanol. 1 µl of this solution was dropped on a holey carbon coated copper grid and 

allowed to dry for 5 min. Micrographs were captured using high-resolution (HR) 

mode of FEI Tecnai G2 F30 TEM (Hillsboro, Oregon) at 200 kV accelerating 

voltage. 

2.4.3 Atomic Force Microscopy (AFM) 

For nanoscale roughness measurements, Veeco MultiMode (NY, US) atomic force 

microscope was used. Samples were examined under ambient condition using the 

tapping-mode. A silicon scanning probe (PointProbe-Plus, Nanosensors) with tip 
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apex cone angle of 10o and radius smaller than 7 nm was used for the measurements. 

2 µm × 2 µm AFM fields from 3 different regions of SF/CNF nanocomposite films 

were analyzed and average root-mean-squared roughness (Rq) values were reported 

for each specimen.   

2.4.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Lyophilized SF, porous SF and SF/CNF composite scaffolds were scanned in 4000-

400 cm−1 range with 4 cm-1 resolution using PerkinElmer 400 Fourier transform 

infrared spectrometer (Waltham, Massachusetts) using attenuated total reflection 

(ATR) configuration. Background spectra were subtracted from the obtained 

reflectance data and the average of 4 spectra was reported for each sample. To 

identify the secondary structure of SF/CNF nanocomposite scaffolds the amide I 

region (1595-1705 cm-1) was investigated by Origin 2019b software. Firstly, the 

second derivative was applied to the original spectra in the amide I region with a 

nine-point Savitsky-Golay smoothing filter so that the number and position of bands 

were determined [79][80]. Then, baseline was subtracted from the original band. For 

the curve fitting, Gaussian function was used. The deconvoluted spectra were area-

normalized and the areas under the single bands were used to determine the fraction 

of the secondary structural elements [79][80].  

2.4.5 X-ray Diffraction (XRD) 

XRD patterns of lyophilized SF, CNF powders (before and after acid treatment), and 

SF/CNF nanocomposite scaffolds were obtained using Rigaku D/Max-2200 X-ray 

diffractometer (Tokyo, Japan) with monochromatic Cu Kα radiation (λ = 1.54 Å) at 

40 kV. Diffraction angles (2θ) from 10° to 40° were scanned at a scanning rate of 

2°/min.  
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2.4.6 Mechanical Properties  

Mechanical properties of the scaffolds were characterized via uniaxial tensile testing 

(Instron 5565A, Norwood, MA). Tests were applied to 1 x 5 cm cut sheets (as per 

ASTM 638 standard) and the gauge length was kept constant at 2 cm in all 

experiments (Figure 2.2). A 0.1 mm/s loading rate was applied using a 5 kN load 

cell. Mechanical properties of the scaffolds were tested in wet condition at 37 oC.    

 

Figure 2.2. Uniaxial tensile testing  

2.4.7 Micro-CT Analysis  

The 3D microstructures of the SF scaffolds (2 cm x 2 cm) were investigated using 

computed tomography scans (Bruker MicroCT, Kontich, Belgium). 360° scans 

having 0.4 angular steps with 800 ms acquisition time per image were completed for 

the SF scaffolds. Al + Cu filter and 100 kV potential were used for imaging. Total 

pore volume calculations were carried out from three different segments of the 

scaffolds with 41 cross-sectional images per segment. Nrecon software was used to 

reconstruct the data, CTVox software was used for 3D visualization and CTAn 

software was used to analyse the data (Skyscan, Bruker).  
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2.4.8 Electrical Conductivity Measurements  

For the resistance measurements of the scaffolds, the two-point probe method was 

utilized. A silver-based paste was applied onto the opposite sides of a strip shaped 

scaffolds. The resistivity values were calculated using the following equation (1): 

𝜌 (𝑜ℎ𝑚 − 𝑐𝑚) = (𝑤𝑡𝑅)/𝑙10            (1)                                                                                                       

where 𝑤 was the width and 𝑡 was the thickness of the specimen, 𝑙 was the distance 

between silver paste coatings and 𝑅 was the measured resistance. Then, reciprocals 

of resistivity values were reported. Three specimens were measured for each sample 

and average values were reported.  

 

Figure 2.3. Electrical conductivity measurement 

2.4.9 Water Contact Angle Measurements  

To investigate the wettability of scaffold surfaces, water contact angles on SF films 

having various CNF concentrations were measured. Sessile drop water contact angle 

measurements were conducted using Attension Theta equipment (Gothenburg, 

Sweden). The contact angles of 7 μl distilled water droplets were measured 5 seconds 

after they were introduced on SF/CNF films. The experiments were repeated in 

triplicate with 3 different measurements for each sample.  
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2.4.10 Cell Culture and Metabolic Activity  

Prior to the experiments, scaffolds were sterilized with 70% ethanol and UV 

radiation each for 15 min, followed by incubation in DMEM containing 5% (v/v) 

penicillin/streptomycin for 3 days. In vitro cell culture experiments were conducted 

with L929 mouse fibroblast cells (ATCC NCTC clone 929, passage number 18) 

using complete growth medium containing High Glucose DMEM supplemented 

with FBS (10% (v/v)) and penicilin-streptomycin (1% (v/v)). Cells were cultured 

inside a humidified incubator at 37 oC and 5% CO2. Metabolic activities of 

fibroblasts on SF scaffolds were investigated using MTT assay. Sterile samples were 

seeded with L929 cells at a density of 3500 cells/cm2. After culturing the cells on the 

scaffolds for 4 hr, 1, 3 and 5 days in vitro under standard cell culture condition (37 

oC, 5% CO2), culture media on the scaffolds were aspirated and 150 μl of complete 

growth medium containing 10% (v/v) MTT reagent was added to further incubate 

for 3.5 hr. At the end of 3.5 hr, MTT solution was removed and 100 µl of DMSO 

was added into each well to dissolve the formazan crystals formed by viable cells. 

75 µl of the solution containing dissolved formazan was transferred and its 

absorbance was recorded using Microplate Absorbance reader (iMark Microplate 

Absorbance Reader, BioRAD, CA, US) at 570 nm (reference wavelength-750 nm). 

The absorbance values of blank samples without any cells were subtracted from the 

obtained absorbance values. The number of cells adherent on each sample was 

determined by comparing the absorbance values to a standard curve constructed at 

the beginning of each trial. Cell proliferation experiments were repeated in triplicate. 

2.4.11 Statistical Analysis  

All experiments were performed in triplicate and the results were represented as 

mean ± standard deviation (SD). Statistical analyses were performed with one-way 

analysis of variance (ANOVA) using Tukey’s post hoc test with significance based 

on p < 0.05. 
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CHAPTER 3  

3 RESULTS AND DISCUSSION 

The rationale behind this study was to fabricate electrically conductive porous 

SF/CNF nanocomposite scaffolds having optimum mechanical and electrical 

properties and biological interactions. For this purpose, four different fabrication 

parameters were optimized via detailed scaffold characterization, namely i) NaCl 

particle size, ii) NaCl:SF (w:w) ratio, iii) SF concentration and iv) CNF 

concentration. The effect of each fabrication parameter on the scaffold properties 

was examined individually under the following headings.  

3.1 Effect of Porogen Size on SF Scaffold Properties 

Micro-CT and cross-sectional SEM images of the scaffolds fabricated using NaCl 

particles with different size ranges were provided in Figure 3.1. When the size range 

of NaCl particles was 50-90 µm, an average pore size of 67 ± 15 µm was obtained 

(Figure 3a and h) and a distinct film-like skin layer formed on the surface during 

solvent evaporation (Figure 3.1a) [17][81]. On the other hand, larger pores having 

an average size of 118 ± 24 µm were obtained for SF_100, as evident in Figure 3.1d. 

Distinct pores and pore boundaries were apparent in the frontal and cross-sectional 

micro-CT images of SF_100 (Figure 3.1b). Similar to SF_50, a skin layer was also 

observable in the cross-sectional micro-CT image of SF_100. Further increase in the 

NaCl particle size to 350-425 µm yielded a more open microstructure within the SF 

scaffolds, as shown in Figure 3.1c, having an average pore size of 376 ± 53 µm 

(Figure 3.1d). Pore volume analysis from Micro-CT images revealed a proportional 

increase in the total pore volume with an increase in NaCl particle size. NaCl 

particles having a size range of 50-90 µm generated a total pore volume of 0.15 ± 
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0.01 mm3, while the total pore volumes were calculated to be 0.40 ± 0.02 mm3 and 

0.58 ± 0.07 mm3 for SF_100 and SF_350, respectively (Figure 3.1e).  

 

Figure 3.1. (a-c) Micro-CT and SEM images of SF scaffolds fabricated using a) 50-

90, b) 100-180 and c) 350-425 µm NaCl particle size range, d) pore sizes and e) total 

pore volumes of SF_50, SF_100 and SF_350. *p < 0.05. 

As evident in micro-CT and SEM images, NaCl particles transferred their shapes 

and provided uniform porous architectures across the SF scaffolds independent of 

the NaCl particle size. Therefore, control on the pore size, as well as the total pore 

volume was achieved solely through the adjustment of NaCl particle size for SF 

scaffolds, which in turn, altered scaffold properties. During scaffold fabrication, an 

equal amount of SF was used to fabricate SF_50, SF_180 and SF_350, which 

manifested itself as an increase in the volume of the scaffolds. The increase in 
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scaffold volume, in turn, increased the thickness of the scaffolds, i.e. SF_50 was 

thinner and had a compact appearance compared to SF_180 and SF_350 as evident 

in their cross-sectional micro-CT images. Since equivalent amounts of NaCl 

particles were utilized in the fabrication of scaffolds, the volume expansion upon the 

use of larger NaCl particles could be attributed to the increased packing density of 

smaller NaCl particles, which led to less entrapped air between NaCl crystals and 

SF/HFIP solution during scaffold fabrication. 

Uniaxial tensile testing showed that the tangent modulus values of the scaffolds 

exhibited an inverse proportionality with mean pore size (Figure 3.2a). Specifically, 

the tangent modulus was calculated to be 50 ± 10 kPa for SF_350 and it increased to 

90 ± 40 kPa for SF_100 and 230 ± 30 kPa for SF_50 (Figure 3.2b). SEM images 

taken from the tensile fracture surfaces revealed characteristic fracture surface of SF 

without any noticeable difference with changes in scaffold pore size range (Figure 

3.2c, d and e). 
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Figure 3.2. a) Stress-strain curves and b) tangent modulus values of SF_50, SF_100 

and SF_350, (c-e) fracture surfaces of scaffolds prepared using c) 50-90, d) 100-180 

and e) 350-425 µm NaCl particle size range. *p < 0.05. 

Formation of β-sheet crystallites was confirmed through FTIR-ATR analyses of the 

scaffolds (Figure 3.3). Silk I (random coils+α-helices) peaks obtained at ~1640 and 

~1530 cm-1 for L_SF shifted to ~1620 and ~1510 cm-1 for SF_100 and SF_350 

suggesting the formation of β-sheet crystallites [81][82]. It is interesting to note that 

silk II peaks appeared at ~1624 and ~1516 cm-1 in the spectra of SF_50. The larger 

peak shift (from silk I structure to silk II structure) for SF_100 and SF_350 compared 

to that of SF_50 indicated better interaction of methanol with SF_100 and SF_350 

due to the increase in porosity of the scaffolds (total porosities of SF_50, SF_180 

and SF_350 were found to be 57%, 66% and 78%, respectively). Still, it should be 

noted that more intense β-sheet crystallite peaks were obtained in the spectra of 

SF_350 compared to SF_100, which highlighted the enhanced interaction efficacy 

of methanol with SF_350 due to having ~45% more pore volume compared to 

SF_100. It was also confirmed through deconvolution of amide I regions in the FTIR 

spectra of L-SF, SF_50, SF_100 and SF_350 (Figure 3.3b, 3.3c, 3.3d and 3.3e, 

respectively) [79][80]. Results indicated that β-sheet content of L-SF was increased 

from 23.2% to 31.9%, 36.8% and 39.1% for SF_50, SF_100 and SF_350, 

respectively. On the other hand, tangent modulus and mean pore size of scaffolds 

were found to be inversely proportional, which was in-line with composite theory 

and literature findings [28]. As the NaCl particle size range increased, so did the 

mean pore size and the porosity. The increased porosity of the scaffolds, which acted 

as void regions in the microstructure, led to the decreased load bearing capacity of 

the SF scaffolds.  
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Figure 3.3. a) FTIR spectra of scaffolds prepared using different 50-90, 100-180 and 

350-425 µm NaCl particle size ranges and L-SF, (b-e) fractions of secondary 

structural elements obtained from the deconvolution of amide I regions of b) L-SF 

and SF scaffolds fabricated using NaCl particles in the size ranges of c) 50-90 µm, 

d) 100-180 µm and e) 350-425 µm. β: β-sheets, T: β-turns, rc+α: random coils + α-

helix and as: aggregated strands. 
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The effect of porogen size on the biological properties of scaffolds were assessed 

using fibroblast cells. MTT assay results revealed that cell densities did not show 

any statistically significant difference between SF_50 and SF_100 at 4hr and 1 day 

in vitro, whereas more cells were present on SF_100 after the 3rd day of culture 

(Figure 3.4). On the other hand, fibroblasts adhered and proliferated more on SF_350 

compared to its counterparts with smaller pores. In fact, fibroblast densities on 

SF_350 was the highest on all investigated time points owing to its open structure 

that facilitate the infiltration of cells, while providing more space for cells to 

proliferate. In brief, NaCl particles in the size range of 350-425 µm provided 

enhanced cell adhesion and proliferation together with a tangent modulus of 50±10 

kPa that was similar to that of cardiac tissue [11]. Therefore, 350-425 µm particle 

size range was chosen as the optimum porogen size in the fabrication of porous 

SF/CNF nanocomposite scaffolds. 

 

Figure 3.4. Fibroblast cell densities up to 5 days of culture on scaffolds prepared 

using different 50-90, 100-180 and 350-425 µm NaCl particle size ranges. *p < 0.05, 

**p < 0.001. 

3.2 Effect of Porogen Content on SF Scaffold Properties  

Aside from NaCl particle size, the amount of NaCl utilized in the fabrication of SF 

scaffolds also had a significant role on the design of optimum porous architecture. 
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The micro-CT images and the visual appearances of scaffolds containing the lowest 

(5Na:SF) and the highest (25Na:SF) amount of NaCl were provided in Figure 3.5a 

and 3.5b. 25Na:SF revealed a sponge-like appearance with homogeneously 

distributed pores throughout its volume, while inhomogeneities in the structure of 

5Na:SF (indicated with arrowheads) was evident with regions having less porous 

architecture. The total pore volumes of 5Na:SF and 25Na:SF were calculated as 

0.36±0.03 mm3 and 0.66±0.06 mm3, respectively, suggesting an ~80% increase in 

the total pore volume upon the increase in NaCl:SF ratio from 5:1 up to 25:1 (Figure 

3.5c). As evident in visual inspection and micro-CT images, for the 5Na:SF scaffolds 

the amount of NaCl particles was insufficient to generate a uniform porous structure, 

i.e. a portion of the SF in the solution remained less porous compared to other parts 

of the scaffold after the evaporation of HFIP as indicated with the arrowheads in 

Figure 3.5a.  On the other hand, when NaCl amount was increased 5 folds to obtain 

25:1 NaCl:SF ratio, a uniform porous architecture was obtained throughout the 

scaffold. Similarly, visual examination and micro-CT analysis of 15Na:SF (given in 

the fabrication scheme of Figure 2.1b and Figure 3.1c, respectively) revealed a 

uniform geometry having homogeneously distributed pores across the scaffold. 

Micro-CT results revealed that the total pore volume for 15Na:SF and 25Na:SF were 

found to be ~1.6 and ~1.8 times higher than that of 5Na:SF. Since the same amount 

of SF was utilized in the fabrication of these scaffolds, the total scaffold volume 

(pore volume and SF volume) of 25Na:SF was the highest, and thus had a more 

spongy appearance. 
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Figure 3.5. (a-b) Micro-CT and macro images of the SF scaffolds fabricated using a) 

(5:1) and b) (25:1) NaCl:SF ratios, c) total pore volume values, d) Stress-strain 

curves and e) tangent modulus values of SF scaffolds fabricated with various 

NaCl:SF ratios. *p < 0.05. 

In Figure 3.6a, the FTIR spectra of scaffolds fabricated using NaCl:SF ratios of 5:1, 

15:1 and 25:1 were compared with lyophilized SF (L-SF). For all SF scaffolds, peaks 

were observed at ~1620, ~1510 and ~1265 cm-1 for amide I, amide II and amide III 

regions, respectively, suggesting the formation of β-sheet crystallites [82][81]. 

However, peak intensities varied between individual scaffolds where more intense 

peaks were observed for 25Na:SF and 15Na:SF compared to 5Na:SF. Also, 

secondary structural elements of 5Na:SF, 15Na:SF and 25Na:SF were quantified 

through the deconvolution of amide I regions in their FTIR spectra (Figure 3.6b, 3.6c 
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and 3.6d, respectively). Results indicated that the 5Na:SF had the lowest β-sheet 

content (18.8%) and the highest amount of silk I structure (43.8%) compared to 

15Na:SF and 25Na:SF. Also, comparing the secondary structures of 15Na:SF and 

25Na:SF, the β-sheet content of the former is lower than the latter. This could be 

correlated with more open structures of 15Na:SF and 25Na:SF compared to 5Na:SF, 

which provided better methanol penetration into these scaffolds. 
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Figure 3.6. a) FTIR spectra of L-SF and SF scaffolds prepared using 5:1, 15:1 and 

25:1 NaCl:SF ratios (wt.:wt.), (b-d) fractions of secondary structural elements 

obtained from the deconvolution of amide I regions of b) 5Na:SF, c) 15Na:SF and 

d) 25Na:SF. β: β-sheets, T: β-turns, rc+α: random coils + α-helix and as: aggregated 

strands.  
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These findings were in-line with the MTT assay results of scaffolds. L929 fibroblast 

densities on 5Na:SF, 15Na:SF and 25Na:SF up to 5 days of culture revealed that 

cellular adhesion on 15Na:SF and 25Na:SF were comparable after 4 hr of culture 

(Figure 3.7). However, fibroblast adhesion on 5Na:SF was lower compared to 

15Na:SF and 25Na:SF. At all time points, cellular density on 25Na:SF was the 

highest, while similar densities were observed for 15Na:SF and 5Na:SF scaffolds.  

 

Figure 3.7. Fibroblast densities on SF scaffolds prepared using 5:1, 15:1 and 25:1 

NaCl:SF ratios (wt.:wt.). *p < 0.01, **p < 0.0001.  

Cumulatively, 5Na:SF had the highest and 25Na:SF had the lowest modulus values. 

On the other hand, highly open structure of 25Na:SF increased cellular proliferation 

compared to 15Na:SF and 5Na:SF. These results indicated that 15:1 NaCl:SF ratio 

had a microarchitecture that offered optimized mechanical properties and still 

promoted cellular proliferation for tissue engineering applications.    

3.3 Effect of SF Concentration on SF/CNF Nanocomposite Scaffolds 

The effect of SF concentration on scaffold properties was investigated through the 

fabrication of porous SF/CNF nanocomposites (with 0 and 5% CNF) having 5 and 

10% SF concentrations. Other fabrication parameters including NaCl particle size 

(350-425 μm) and NaCl:SF ratio (15:1, wt.:wt.) were kept constant to compare the 

effect of SF concentration alone on the scaffold properties. Stress-strain curves of 
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SF5, SF10, SF5/5 and SF10/5 were given in Figure 3.8a. The tangent modulus values 

(Figure 3.8b) calculated as per ASTM E111 standard for SF5 and SF10 were 50±10 

and 70±20 kPa, respectively, and did not indicate a statistically significant difference 

(p>0.1). In addition, the tangent modulus values for SF5/5 and SF10/5 were 

calculated to be 100±20 kPa and 80±40 kPa, respectively. SEM investigation of the 

fracture surfaces showed the pull-out regions and CNFs (highlighted with 

arrowheads) for SF5/5 and SF10/5 in Figure 3.8c and 3.8d, respectively. A 

statistically significant increase (p<0.05) in tangent modulus was evident for SF5 

upon the addition of 5% CNF, while no statistically significant improvement was 

present (p>0.1) when the same amount of CNFs were incorporated into 10% SF. In 

comparison, the tangent modulus values of SF5/5 and SF10/5 exhibited similar 

values which further confirmed that the change in SF concentration did not lead to 

any significant difference (p>0.1) on the tangent modulus values of the scaffolds. 
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Figure 3.8. a) Stress-strain graphs and b) tangent modulus values for 5 and 10 % SF 

scaffolds upon incorporation of 5 % CNFs, (c-d) Fracture surfaces of c) SF5/5 and 

d) SF10/5 scaffolds. *p < 0.05. 

This result could be explained with the differences in the FTIR (Figure 3.9a) peaks 

of the scaffolds. During scaffold fabrication, both SF5 and SF10 were exposed to 

methanol, yet more intense β-sheet crystal peaks were observed for SF5 despite 

having less fibroin. Also, deconvolution of amide I regions in the FTIR spectra of 

SF10 and SF5 (Figure 3.9b and 3.9c, respectively) revealed that the β-sheet content 

of SF5 (39.1%) was higher than that of SF10 (27.0%). This was an indication of 

better methanol penetration into the scaffold, which in turn enhanced β-sheet 

formation for SF5. One can speculate that although SF10 had more fibroin to 

withstand the applied stress, SF5 had higher crystallinity, which led to similar 

tangent modulus values for SF5 and SF10. 

 



 

 

38 

 

Figure 3.9. a) ATR-FTIR spectra of lyophilized SF (L-SF), SF5/5 and SF10/5 

scaffolds, (b-c) fractions of secondary structural elements obtained from the 

deconvolution of amide I regions of b) SF10 and c) SF5. β: β-sheets, T: β-turns, rc+α: 

random coils + α-helix and as: aggregated strands.  

Upon the incorporation of CNFs, electrical conductivities of SF5/5 and SF10/5 

increased up to ~0.002 and ~5.5x10-5 S/cm, respectively (Figure 3.10a). Very low 

electrical conductivity of SF10/5 compared to that of SF5/5 could be attributed to 

the accumulation of CNFs into bundles inside SF10/5. The presence of CNF bundles 

on pore surfaces for SF10/5 were confirmed via cross-sectional SEM image given in 

Figure 3.10b (yellow boxes). Therefore, >35 times higher conductivity of SF5/5 

compared to SF10/5 could be correlated with better dispersion of CNF within the SF 

matrix. Aside from having a higher viscosity, dissolution of SF in HFIP took a longer 

time for SF10 than SF5, which provided enough time for CNFs to form bundles 

(Figure 3.10b). The effect of CNF bundling for SF10/5 was also evident in the 
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mechanical properties of the scaffolds. The enhanced tangent modulus of SF5/5 

further confirmed better dispersion of CNFs in SF5 compared to SF10, which led to 

an effective load transfer from the SF matrix to CNFs. In brief, the SF concentration 

did not change the tangent modulus of the scaffolds, yet 5% SF had a higher tendency 

to form β-sheet crystallites and had superior electrical conductivity. Therefore, 5% 

SF concentration was preferred for the fabrication of SF/CNF nanocomposite 

scaffolds.   

 

Figure 3.10. a) Electrical conductivities of SF5/5 and SF10/5 scaffolds and b) SEM 

image showing the CNF bundling on 10 % SF scaffolds.  

MTT assay results up to 5 days of culture (Figure 3.11) confirmed that cells were 

viable and able to proliferate on both SF5 and SF10. Comparison of the adhesion 

(4hr) and proliferation of cells on the scaffolds did not yield any significant 

difference up to 5 days of culture. Adherent cells at the 3rd day of culture (dashed 

boxes in Figure 3.11) revealed round cellular morphologies with cells expressing 

filopodia on both scaffold surfaces. Cellular spreading on SF5 and SF10 were 

quantified to be 96.7 ± 20.4 and 117.0 ± 20.1 µm2, respectively, indicating that cells 

could spread equally-well on both scaffolds independent of the SF concentration. 
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Figure 3.11. Cell densities on 5 and 10 % SF scaffolds up to 5 days of culture and 

the corresponding SEM images of fibroblasts cultured on these scaffolds. 

3.4 Effect of CNF Concentration on SF/CNF Nanocomposite Scaffolds  

The hollow microstructure of CNFs was evident in SEM and TEM images, as shown 

in Figure 3.12a and 3.12b, respectively. The CNFs used to fabricate the 

nanocomposite scaffolds were acid treated to obtain surface functional groups prior 

to incorporation into the SF matrix.  Figure 3.12c showed the typical XRD patterns 

of CNFs (sharp (002) diffraction peak) for both as-received and acid functionalized 

CNFs (F-CNFs), indicating that there was no significant effect of the acid treatment 

on the crystalline structure of graphite layers [83]. Changes in the FTIR spectrum of 

CNFs after the acid treatment (Figure 3.12d) were in-line with literature where the 

intensive band of the as-received CNFs at 3434 cm-1 (mainly due to stretching 

vibrations of –OH in carboxyl group and adsorbed water) shifted to lower 

wavenumbers [84][85], while the peaks at 1735 and 1630 cm-1 could be attributed to 
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the C=O groups in carboxylic acid surface groups of the F-CNFs [86]. In addition, 

peaks at 1350, 1161 and 1068 cm-1 could be assigned to O-H bending and C-O 

stretching in aromatic carboxylic acids formed on CNFs after the acid treatment 

[85][86][87]. The effect of acid treatment on the dispersion efficacy of CNFs in both 

DI water and HFIP was visually examined (Figure 3.12e) and better dispersion of F-

CNFs compared to the as-received counterparts was observed after a 20 min. 

ultrasonic dispersion. In addition, comparison of CNF dispersion in HFIP and DI 

water showed that HFIP better supported the dispersion of CNFs (especially the F-

CNFs) compared to DI water, which was beneficial for the fabrication of SF/CNF 

scaffolds having optimum mechanical reinforcement and electrical conductivity.   
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Figure 3.12. a) SEM, b) TEM image, c) XRD, d) FTIR spectra and e) dispersion of 

as-received CNFs and functionalized CNFs (F-CNFs).  
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In Figure 3.13, cross-sectional SEM images of SF-0C, SF-5C, SF-10C and SF-15C 

were given. SF-0C exhibited a relatively smooth appearance (Figure 3.13a), while 

randomly oriented CNFs were apparent on pore surfaces of SF-5C (Figure 3.13b). 

The fact that individual CNFs, rather than bundles, emerged from the cross-sectional 

surface of SF-5C and SF-10C (Figure 3.13c) indicated the well-dispersed nature of 

CNFs throughout these scaffolds. However, once CNF content increased to 15%, 

CNF bundling appeared on the cross-sectional images of the pore surfaces (Figure 

3.13d). To gain more insight into the effect of CNF concentration on the nanophase 

surface roughness (Figure 3.13e, 3.13f and 3.13g), SF/CNF nanocomposite films 

having 0, 1, 3, 5 and 10% CNF were scanned using AFM. The AFM analysis 

revealed that nanophase surface roughness (rms) of nanocomposites having 0% CNF 

(2.4±0.5) was not significantly different than that of SF/CNF nanocomposites having 

1, 3 and 5% CNF (p>0.1), such that their surface nanophase roughness values were 

measured to be 3±0.7, 3.9±1.5 and 3.6±0.4 nm, respectively. On the other hand, rms 

value of nanocomposite films increased up to 11.5±1.4 nm upon the incorporation 

of 10% CNF (Figure 3.13h). Comparing the AFM scans for SF films having 0 and 

10% CNF, a smooth surface was observed for the former, while the embedded CNFs 

emerging from the SF provided a rougher surface topography for the latter. Thus, the 

increase in the surface nanophase roughness of SF with higher CNF concentration 

could be attributed to the bulging of CNFs from the SF matrix. 
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Figure 3.13. (a-d) Cross-sectional SEM images of SF scaffolds having a) 0, b) 5, c) 

10 and d) 15% CNF, (e-g) AFM scans for SF having e) 0%, f) 5%, g) 10% CNF and 

h) RMS values of SF/CNF nanocomposites having 0, 1, 5 and 10 wt.% CNF. *p < 

0.05. 
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FTIR spectra of SF-0C, SF-10C and L-SF were given in Figure 3.14a. In the FTIR 

spectra of SF-0C and SF-10C, peaks obtained at amide I and amide II regions shifted 

from ~1640 and ~1530 cm-1 (silk I) to ~1620 and ~1510 cm-1 indicating the 

formation of silk II structure. Also, an additional peak was obtained in the FTIR 

spectra of SF-0C and SF-10C at ~1265 cm-1 that further verified the formation of 

silk II structure. It was interesting to note that the intensities of peaks for SF-0C were 

higher compared to that of SF-10C. As a matter of fact, peak intensity and 

crystallinity decreased upon the addition of 10% CNF into SF matrix. It was also 

confirmed through deconvolution of amide I regions in the FTIR spectra of SF-0C 

and SF-10C. Results indicated that formation of β-sheets was hindered in the 

presence of CNFs. In fact, the β-sheet content of L-SF was increased from 23.2% to 

39.1% for SF-0C, whereas it was increased up to 31.4% for SF-10C (Figure 3.14b 

and 3.14c, respectively).  
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Figure 3.14. a) FTIR spectra of L-SF, 0% CNF and 10% CNF scaffolds, (b-c) 

fractions of secondary structural elements obtained from the amide I regions of b) 

0% CNF and c) 10% CNF scaffolds. β: β-sheets, T: β-turns, rc+α: random coils + α-

helix and as: aggregated strands.  

This result was further confirmed with XRD analyses of SF-0C and SF-10C provided 

in the Figure 3.15 (XRD pattern of L-SF was also provided in the same figure). L-

SF revealed the typical XRD pattern of amorphous SF [82]; however, β-sheet 

crystallite peaks at 20.4o, 21.1o and 23.4o were obtained for SF-0C [88][89][19]. On 

the other hand, SF-10C had two peaks at 21.2o and 23.6o corresponding to β-sheet 

crystallites and an additional peak at 26.3o corresponding to CNFs. The absence of 

β-sheet crystallite peak at 20.4o and the decreased intensities with slight shifts in the 
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peaks at 21.2o and 23.6o in the XRD pattern of SF-10C indicated decreased 

crystallinity upon the addition of 10% CNF. 

 

Figure 3.15. XRD spectra of CNFs, L-SF, SF-0C and SF-10C. 

The stress-strain curves of SF-0C, SF-5C, SF-7.5C, SF-10C and SF-15C were 

plotted in Figure 3.16a. The tangent modulus of SF-0C was calculated to be 50±10 

kPa and upon the incorporation of 5, 7.5 and 10% CNF, the modulus values increased 

up to 100±20, 150±40 and 260±30 kPa, respectively (Figure 3.16b). There was no 

further increase in the modulus with an additional incorporation of more CNFs into 

SF, i.e. SF-15C had a modulus of 250±50 kPa and it was not higher than that of SF-

10C. Fractographic analysis of SF-10C and SF-15C showed dispersed CNFs with 

pull-out regions on SF-10C, as shown in Figure 3.16c where anchoring of CNFs 

within the SF matrix was evident. On the other hand, CNF bundles, rather than 

individual CNFs, were observed on the fracture surfaces of SF-15C (Figure 3.16d), 

which was in accord with the cross-sectional image shown in Figure 3.13d.  
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Figure 3.16. a) Stress-strain curves, b) tangent modulus values of SF/CNF 

nanocomposite scaffolds having 0, 5, 7.5, 10 and 15% CNFs, (c-d) fracture surfaces 

of scaffolds having c) 10% and d) 15% CNF. *p < 0.05. 

Electrical conductivities of SF-0C, SF-5C, SF-7.5C, SF-10C and SF-15C were 

measured in dry state and the results were given in Figure 3.17. The conductivities 

of SF/CNF nanocomposite scaffolds (SF-0C, SF-1C and SF-3C) were undetectable 

up to 5% CNF with the analytical instruments used in this study. The electrical 

conductivity of SF-5C was measured to be ~0.002 S/cm and the conductivity 

measurements did not reveal a statistically significant difference between SF-5C and 

SF-7.5C. However, upon the incorporation of 10% CNF, electrical conductivity of 

the nanocomposite scaffolds increased up to ~0.04 S/cm. Interestingly, further 

increase in CNF concentration (SF-15C) ended up with a lower electrical 

conductivity of ~0.01 S/cm. 
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Figure 3.17. Electrical conductivities of SF scaffolds having up to 15 wt.% CNF. 

*p < 0.05. 

Sessile drop water contact angles were measured to assess hydrophobicities of the 

SF/CNF nanocomposites and presented in Figure 3.18. A gradual decrease in the 

hydrophobicity was observed upon incorporation of CNFs into the SF matrix. Water 

contact angles of scaffolds were measured to be 97.9o±1.7o, 101.3o±0.5o, 82.2o±0.4o, 

75.3o±1.1o and 64.0o±1.8o for SF-0C, SF-1C, SF-3C, SF-5C and SF-10C, 

respectively, indicating the hydrophilic nature of SF/CNF samples having 10% CNF. 
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Figure 3.18. Water contact angles on SF/CNF nanocomposites having up to 10% 

CNFs. ** p < 0.01, *** p < 0.001. 

Biological interactions of the porous SF/CNF scaffolds with L929 fibroblasts were 

given in Figure 3.19. Results revealed that all the tested scaffolds provided a suitable 

environment for cellular adhesion and proliferation up to 5 days in vitro. The 

adhesion of cells at 4hr of culture on SF-0C was higher than SF-10C, yet similar 

cellular densities were observed on SF-0C, SF-1C, SF-3C and SF-5C at 4hr in vitro. 

It is important to note that although cellular densities on 3, 5 and 10% CNF scaffolds 

were lower compared to 0% CNF scaffolds at 1, 3 and 5 days in vitro, cellular 

proliferation was observed -independent of the CNF concentration- on all scaffolds. 

Furthermore, fibroblasts cultured on SF-0C, Figure 3.19(b-c), and SF-10C, Figure 

3.19(d-e), exhibited different cellular morphologies. The cells cultured on SF-10C 

spread more than the ones cultured on SF-0C. Cell surface coverage was 96.7±20.4 

and 349.7±62.6 μm2/cell for SF-0C and SF-10C, respectively (Figure 3.19f). 

Additionally, cells on SF-10C expressed more filopodia to interact with scaffold 

surfaces than the ones on SF-0C.  

These findings were in-line with studies investigating the interactions of CNFs and 

CNF reinforced polymers with fibroblasts. For instance, Price et. al. [72] showed 
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that fibroblast adhesion was significantly less on polycarbonate urethane 

(PCU)/CNF nanocomposites compared to the pure PCU and it was decreased with 

increased amount of CNFs. However, they also showed enhanced adhesion of 

osteoblasts on PCU/CNF nanocomposites with increased amount of CNFs. It was 

suggested that the optimal surface energy varies for different cell types and the 

surface energy of the PCU/CNF nanocomposites might be too high for optimal 

fibroblast adhesion. In another study, interactions of SF/CNF nanocomposite films 

with fibroblasts were investigated [66]. Results showed that proliferation rates of 

cells were less on SF/CNF nanocomposite films having the highest CNF 

concentration. However, the proliferation rates of fibroblasts on SF/CNF 

nanocomposites having up to 5 wt.% CNFs were comparable with TCP. 

Furthermore, wettability of SF films was enhanced with increased CNF 

concentration which, in turn, resulted with broader cellular morphology on 

nanocomposites having up to 5 wt.% CNFs.  
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Figure 3.19. a) Fibroblast densities on SF scaffolds prepared using various CNF 

concentrations. (b-c) and (d-e) SEM images of fibroblast cells on SF scaffolds having 

(b-c) 0 and (d-e) 10% CNFs (scale bars are 5 μm) and f) cell surface coverage values 

of fibroblast cells on SF scaffolds having 0 and 10 wt.% CNFs. *p < 0.05, ** p < 

0.01, ***p<0.001, ****p < 0.0001. 

CNFs are prone to form bundles due to their high surface energies. The nature of 

their interactions is via the Columbic forces and Van der Waals attractions [90]. 

However, CNFs should be dispersed homogeneously throughout the SF matrix to 

obtain optimum reinforcement in mechanical and electrical properties [91], which 

could only be achieved via overcoming the aforementioned secondary bonding 

between individual CNFs. Herein, we took advantage of the hydrogen bond forming 

ability of HFIP with the functional groups of CNFs (–COOH, -C=O and –OH) 

formed upon the acid treatment [92]. Our methodology consisted of dispersing CNFs 

in HFIP during the initial step of scaffold fabrication, followed by dissolving SF 

inside CNF dispersed HFIP. This approach inhibited the CNF bundling (even at 10% 

concentration) due to the formation of hydrogen bonds between HFIP molecules and 

CNFs (Fig. 3.20a), which could overcome Columbic forces and Van der Waals 

attractions between CNFs [92][93][94]. Another observation supporting this 

hypothesis was the dissolution rate of SF inside HFIP in the presence of CNFs. It 

was observed that the dissolution of SF in HFIP/CNF mixture was slower than that 

of CNF-free HFIP. It could be speculated that the already established molecular 

interactions between the functional groups on CNFs and HFIP molecules limited the 

interaction of amino acids in SF with HFIP, which, in turn, decreased the potential 

of HFIP to induce hydrogen bonding. This could further retard interaction of HFIP 

molecules with SF in the presence of CNFs and decrease SF dissolution rate inside 

HFIP [95]. Having this said, SF-0C and SF-10C scaffolds were immersed inside 

methanol for the same duration, yet more intense β-sheet peaks were detected for 

SF-0C compared to SF-10C. This was an indication of perturbed methanol 

interaction with the SF polypeptide in the presence of CNFs. It was possible to think 

that CNFs were physically inhibiting the interaction of methanol with SF, allowing 
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formation of weak chemical interactions between SF polypeptide chains and CNF 

functional groups, which, in turn, retarded protein folding and crystallization (Fig. 

3.20b). Further research is required to understand the interactions between HFIP, SF 

and CNFs in the molecular level. However, our results clearly showed significant 

enhancements in the tangent modulus and electrical conductivities of porous 

SF/CNF nanocomposites, which suggested formation of a well-dispersed CNF 

secondary phase within porous SF matrix. It is important to note that, although the 

CNFs inhibited β-sheet formation (resulted in lower crystallinity), strengthening due 

to nanocomposite formation become decisive over tangent modulus of 

nanocomposites, i.e. overall effect of CNF incorporation was the significant 

enhancement of tangent modulus of scaffolds. Also, surfactants which could be 

detrimental to cellular functions [96], were not used to disperse the secondary CNF 

phase in our nanocomposite scaffold fabrication technique. The fracture surfaces 

also confirmed well-dispersed CNFs that were anchored to the SF matrix up to 10% 

CNF concentrations. Having this said, wettability and nanoscale surface roughness 

of SF, which were identified in literature to enhance cellular functions [97], were 

enhanced through the incorporation of 10% CNF. The increased hydrophilicity and 

nanophase roughness also led to better spreading of fibroblasts on SF-10C compared 

to SF-0C, while increased roughness provided a larger surface area for cellular 

interactions. It was also possible that the surface chemistry of SF scaffolds was 

altered at locations where CNFs protruded out of the SF matrices. This could also 

contribute to cell spreading, which enhanced more than 2.5 folds upon the addition 

of 10% CNF, owing to the hydroxyl groups on CNF surfaces [97]. The improved 

electrical conductivity, enhanced mechanical properties and better cellular spreading 

on SF-10C was promising for its utilization in tissue engineering applications. 

Specifically, the electrical conductivity and elastic modulus of the SF-10C scaffold 

match with those values observed for myocardium, suggesting the potential use of 

3D SF/CNF nanocomposite scaffolds in cardiac patch applications. 
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Figure 3.20. Schematic illustrations of a) possible dispersion mechanism of CNFs in 

HFIP and b) possible mechanism for the interactions of SF molecular chains with  

CNFs.   
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CHAPTER 4  

4 CONCLUSIONS AND FUTURE WORK 

To sum up, a porous architecture that provide enhanced cellular interactions together 

with desired mechanical properties was achieved through the optimization of SF 

scaffold fabrication parameters. Highly conductive nanocomposite scaffolds (up to 

~0.04 S/cm) with enhanced tangent modulus (260±30 kPa) were fabricated owing to 

well-dispersed CNF secondary phase within the porous SF matrix. Furthermore, 

~34% increase in the wettability of the nanocomposites was achieved upon the 

incorporation of 10% CNF, which provided enhanced fibroblast spreading on 

scaffold surfaces. These findings could potentially lead to development of 3D tissue 

scaffolds with enhanced mechanical and electrical properties.  

Though this thesis showed the potential of porous SF/CNF nanocomposites to be 

used in tissue engineering applications, there are some additional points need to be 

investigated in the future. These points could be listed as following:  

• Mechanical and electrical properties of SF/CNF nanocomposites were 

similar to that of cardiac tissue. Therefore, to investigate their potential use 

as cardiac patches, their interactions with cardiac muscle cells or cells that 

have the potential to differentiate into cardiac muscle cells, i.e. induced 

pluripotent stem cells (iPSC), needs to be addressed. For this purpose, 

cellular adhesion, proliferation and gene expressions (oct4, nanog, myl2 and 

ctnt) of iPSC need to be investigated.  

• Considering SF/CNF nanocomposites to be used as cardiac patches, their 

mechanical properties under more realistic stress scenarios need to be 

investigated. Thus, biaxial tests need to be completed to better evaluate their 

mechanical integrity under stresses similar to the physiological environment.  

https://tureng.com/tr/turkce-ingilizce/physiological
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• Degradation characteristics of SF/CNF nanocomposites needs to be 

characterized through proteolytic degradation tests (protease IV enzyme will 

be used). Time dependent changes in their mechanical and electrical 

properties needs to be investigated.  

• Functionality of SF/CNF nanocomposites, i.e. the synchronized beating 

behaviour and the response to the electrical stimulation needs to be 

investigated.  

• In vivo performance of SF/CNF nanocomposites needs to be assessed.  
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