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ABSTRACT 

 

I studied the impacts of blending Antheraea mylitta silk fibroin solution (10% w/v) with gelatin 

solution (20% w/v) using formic acid as a solvent in this study. The viscoelastic properties of 

blends of different ratios such as S0G10, S2G8, S3G7, S5G5, and S10G0 were investigated. 

To confirm miscibility of pure polymeric components in blend solutions, optical 

microscopy, thermogravimetric analysis and differential scanning calorimetry were used to 

analyze surface morphology and thermal properties of the blend solution. Blend solutions with 

varying shear rates in the range of 0.01-500 s-1 were studied for steady shear behaviour. The 

dynamic rheological experiment including amplitude and frequency sweeps were performed. 

Blending gelatin with silk fibroin reduced overall viscosity when compared to pure silk fibroin 

solution, demonstrating shear thinning behaviour in the applied shear range, according to 

studies. All of the solutions deviated from the Cox-Merz rule, with the exception of pure 

gelatin, which obeyed it. A frequency sweep research was carried out with a specific proportion 

of strain applied. The steady and oscillatory experiments revealed a shift in the solution's 

behaviour from viscous fluid (as in gelatin) and solid (as in silk fibroin) to viscoelastic. The 

samples were studied to time-dependent tests such as structural recovery, creep recovery, and 

stress relaxation. It was discovered that the amount of gelatin in a blend effects its structural 

recovery. The samples were studied to time-dependent tests such as structural recovery, creep 

recovery, and stress relaxation. It was discovered that the amount of gelatin in a blend effects 

its structural recovery. The properties of blend solutions can be tailored by changing parameters 

such as time, shear rate, angular frequency, and blend ratios to achieve desired features for 

specific end use applications such as packaging, tissue engineering, medical textile, and 

filtration, according to such rheological analysis. 
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CHAPTER 1. INTRODUCTION 
 

1.1 Introduction 

Polymer solutions behave eccentrically under variable stress or strain conditions, so it 

is critical to assess their rheological properties in a way that is representative of the procedure, 

which might be carried out at the industrial, commercial, or research level. Processing 

parameters can be optimized with respect to polymers or their blend solutions using rheological 

study, as the need be. 

Silk is a natural biopolymer derived from silkworms and can be divided into two types. 

Mulberry (Bombyx mori) is one, and non-mulberry is the other (A. mylitta, A. assamensis, P. 

ricini etc.). Because of the existence of arginine-glycine-aspartate (RGD) sequences, non-

mulberry silk fibroin has an advantage over mulberry silk fibroin in terms of cell adhesion and 

proliferation [1]. However, unlike mulberry silk, non-mulberry silk obtained from silkworm 

cocoons is difficult to dissolve in conventional solvents which are being used for mulberry silk 

e.g., calcium chloride (CaCl2), sodium thiocyanate (NaSCN) and lithium bromide 

(LiBr) etc [2]. After several attempts to dissolve non-mulberry silk fibroin in the 

above-mentioned standard solvents, Silva et al discovered a few additional solvents, 

such as ionic liquids, to make a blend solution of non-mulberry silk fibroin [3]. These 

solvents assist in the breaking of non-mulberry silk hydrogen bonds, rendering them 

soluble at the cost of disturbing its structural arrangements, which alters its 

physiological qualities. In order to improve physiological features such as mechanical 

strength, flexibility, and biodegradability etc., researchers have developed a method for 

blending silk fibroin with other polymers [4]. 

Various blends like Silk fibroin/PVA [5], Silk fibroin/Cellulose[6], silk fibroin/ wool keratose 

[7], Silk fibroin/Chitosan [8], [9],Silk fibroin/Nylon 66[10], Silk fibroin/Nylon 6 [11], Silk 

fibroin/S carboxymethyl kerateine [12] have been reported in the literature as of now. Only the 

mulberry type of silk has been explored in the majority of the published research, leaving the 

non-mulberry type unexplored despite its enormous potential. Researchers' attention has 

recently moved as a variety of blend materials are being prepared with non-mulberry silk 

fibroin and polymers like  poly (L-lactic acid-co-caprolactone) [13], chitosan [14] and 

polyvinyl alcohol [15] etc. for a wide range of applications. 

Gelatin is biocompatible, biodegradable, and affordable, so it is a viable option for blending 

with non-mulberry silk fibroin. Collagen is found in animal tissues like skin, muscle, and bone 
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and is used to produce it [16]. When silk and gelatin are blended, they can create a new class 

of material with better properties than either pure polymer on its own. However, before using 

these blends to make a material, it's important to check their solution properties, such as 

miscibility and viscoelasticity. In order to build materials like films and fibres with tailorable 

properties, a level of coherence between the solid and fluid like properties of solutions must be 

obtained while studying viscoelastic behaviour. Rheology is one of the tools used to do such 

research. 

In this research work, steady state rheological curves were obtained to examine the rheological 

behaviour of silk fibroin, gelatin, and their blend solutions. These data showed the relationship 

between shear viscosity and shear rate of blend solutions. Due to the limited rheological tests, 

multiple rheological models were developed to precisely estimate the additional rheological 

properties of the solutions. When the viscose performance of solutions is dependent on the 

shear rate, Cross or Carreau model [17], Carreau-yasuda model [18], Power law model [19], 

and Sisko model [20] are used to characterize viscose properties such as theoretical viscosity 

at zero and infinite shear rates, relaxation time, and power exponent. Rheological models offer 

the advantage of explaining the shape and curvature of a flow curve with a small number of 

fitting parameters while also predicting behaviour at unmeasured shear rates. These models 

depict a more detailed picture of the molecular structure as it changes during processing, as 

well as the change in viscoelastic behaviour when mechanical shear is applied. The term 

viscoelastic refers to a material that combines viscosity and elasticity at the same time. Because 

polymers' microstructure is composed of long molecular chains, polymers display this 

behaviour more prominently [21]. Short-term viscoelastic properties like storage modulus (G') 

and loss modulus (G”), as well as long-term viscoelastic properties like stress relaxation and 

creep recovery, were studied under dynamic rheological studies. The long-term properties are 

strain dependent properties that cause the material to soften due to chain scission, viscous flow, 

bond interchange, and molecular relaxation. [22]. Besides that, the structural recovery as a 

function of time was monitored to investigate material behaviour at low, high, and low shear 

rates. Complex viscosity (η*) and loss factor (Tan δ) were also obtained from dynamic 

rheological measurements.  

As a result, the material's chemical and physical properties were studied as a function of time 

and mechanical shear. Steady state and dynamic state rheological measurements on all blending 

solutions, as well as pure polymer solutions, were performed to thoroughly analyze the 

influence of blending ratios on rheological properties.  
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1.2  Research gap 

1. Almost negligible work has been reported on rheological study of any polymer solution. 

2. A review of the literature revealed that, despite its enormous potential, there is very 

little research on non-mulberry silk fibroin. 

3. Rheology is mandatory for processing of any polymeric material; thus, needs to be 

studied. 

 

1.3 Objective of research work 

The following research objectives were determined for this study based on the literature review. 

1.   Preparation and characterization of several blend solutions of regenerated  

  Antheraea Mylitta (Tasar) silk fibroin/gelatin. 

2.   Determine the miscibility of silk fibroin/gelatin blend solutions in different  

  proportion through optical microscopy, Differential Scanning Calorimetry (DSC). 

3.          Determine the steady rheological characteristics of silk fibroin/gelatin solutions under  

      variable as well as constant steady shear. 

4.        Determine the dynamic oscillation behaviors of silk fibroin/gelatin blend solutions 

through amplitude, frequency sweep, loss factor, complex viscosity, time dependent 

structure recovery, creep recovery, stress relaxation etc. 

5.           Fit the rheological model and determine its parameters. 
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CHAPTER 2. LITERATURE REVIEW 
 

2.1 Rheology  

Rheology is the study of the flow of any Newtonian and non-Newtonian material under the 

influence of an applied force or stress Rheology is an important characterisation technique for 

designing materials with desired physical properties and managing manufacturing process 

parameters to assure end product quality. Rheology is suitable for polymer characterization 

because it can detect even minor changes in polymer structures. Rheometry is experimental 

technology to determine rheological properties of polymeric materials viz. steady shear flow, 

dynamic viscoelastic and time dependent properties of polymeric materials. 

 

2.1.1 Steady shear rheological properties 

Viscosity is a characteristic that may be measured at a range of shear rates and 

different constant shear rates. Viscosity represents the dissipation of deformation energy during 

flow and assesses how the material can resist flow. In the rheological study, deformational 

force is expressed in terms of stress, defined as the ratio of applied force per unit area of the 

sample. Deformation is expressed as a strain, which is the ratio of sample dimensions post and 

pre deformation. Shear rate is a simple ratio of the velocity of the moving surface after applying 

force to thickness (or gap between moving and stationary surfaces) of the sample. The 

mathematical formula of viscosity is a ratio of shear stress and shear rate at a constant 

temperature, as written below[23] 

                                          

 Viscosity=Shear stress / Shear rate 

 

The Greek symbol of viscosity is 𝜂, is used to denote  

The SI unit for viscosity is Pa.s 

The US unit for viscosity is centipoise(cP), which is more commonly used 

1 cP=1 mPa.s 
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2.1.2 Dynamic oscillatory rheological properties 

The rheometer induces sinusoidal shear deformation in the sample and measures the stress 

response; the time scale study is determined by the frequency of the shear deformation 

oscillation. In a typical experiment, the sample is placed on a stationary plate (bottom plate). 

While a motor rotates the top plate, a time-dependent strain is imposed on the sample. A typical 

experiment involves placing the sample on a stationary plate (bottom plate).  A time dependent 

strain  

𝛾(𝑡) = 𝛾 ⋅ 𝑠𝑖𝑛(𝜔𝑡) is imposed on the sample. Simultaneously, the time dependent stress 

𝜎(𝑡) = 𝜎 ⋅ 𝑠𝑖𝑛(𝜔𝑡 + 𝛿) is measured by measuring the torque imposed on the bottom plate by 

the sample, as shown in fig 1(a) 

 

 

 

Fig 2.1 Rotational rheometer Anton Paar MCR 302 

 

Measuring this time-dependent stress at a specific angular frequency reveals the distinction 

between materials, namely ideal elastic solids, purely viscous fluids, and viscoelastic materials.  

The value of δ=0 indicates that stress and applied sinusoidal strain deformation are in the same 

phase in the case of an ideal elastic solid. The sample stress is proportional to the strain 

deformation, and their proportionality constant is the shear modulus, as shown in top graph of 

fig 1(b). In contrast, if the material is a purely viscous fluid, the stress in the sample is 

proportional to the rate of strain deformation, with the proportionality constant being the 

viscosity of fluid. The applied strain and measured stress are out of phase, with a phase angle 

of δ=π/2, as shown in the middle graph in fig 1(b). As shown in the bottom graph of fig1(b), 

viscoelastic materials exhibit a response that includes both in-phase and out-of-phase 
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contributions; these contributions reveal the extents of solid-like (red line) and liquid-like (blue 

dotted line) behaviour. As a result, the total stress response (purple line) shows a phase shift 

between solids and liquids in reaction to applied strain deformation. 0<δ< π/2. The storage 

modulus, G’(ω), and the loss modulus, G’’(ω), which characterise the solid-like and fluid-like 

contributions to the measured stress response, respectively, characterize the viscoelastic 

behaviour of the system at angular frequency ω. The stress response of a viscoelastic material 

is given by 𝜎(𝑡) = 𝐺′(𝜔)𝛾0 𝑠𝑖𝑛(𝜔𝑡) + 𝐺′′(𝜔)𝛾0 𝑐𝑜𝑠(𝜔𝑡) for a sinusoidal strain deformation 

𝛾(𝑡) = 𝛾 ⋅ 𝑠𝑖𝑛(𝜔𝑡) [24]. 

 

 

Fig 2.2 The stress response to oscillatory strain deformation of an elastic solid, a viscose 

fluid, and viscoelastic materials is investigated. 

 

2.1.2.1 Storage modulus 

G' denotes the storage modulus, which is pronounced "G prime." The G'-value represents the 

amount of deformation energy stored by the sample during the shear process. After the load is 

removed, this energy is completely free to act as the driving force for the reformation process, 

which will partially or completely compensate for the previously obtained structural 

deformation. Materials that store the entire deformation energy applied exhibit completely 

reversible deformation behaviour because, at the end of a load cycle, they have the same shape. 

As a result, G' represents elastic behaviour of a material. The unit of storage modulus is Pa. 
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In ASTM D4092, G' is defined as “storage modulus, measured in shear,” as opposed to E', 

which is defined as “storage modulus, measured in tension or flexure”[25]. 

 

2.1.2.2 Loss modulus 

G" denotes the loss modulus, which is pronounced "G double prime." The G"-value is a 

measure of the deformation energy consumed by the sample during the shear process and thus 

lost for the sample. This energy is expended during the process of changing the structure of the 

material, i.e. when the sample flows partially or completely. 

Flow, also known as viscoelastic flow, denotes relative motion between molecules, particles, 

aggregates, or other components. Frictional forces are then generated between these 

components, resulting in frictional heat. This is also known as "viscous heating." This friction 

process consumes and dissipates energy. A portion of this energy may be used to heat the 

sample, while another portion may be lost as heat to the surrounding environment. Energy-

losing materials exhibit irreversible deformation behaviour because, at the end of a load cycle, 

they have a different shape. Thus, G" represents a test material's viscous behaviour. The unit 

of storage modulus is Pa. In ASTM D4092, G" is defined as “loss modulus, measured in shear,” 

as opposed to E", which is defined as “loss modulus, measured in tension or flexure”[25]. 

 

2.1.2.3 Loss factor 

The loss factor is calculated as the ratio of the loss modulus to the storage modulus; it is denoted 

by Tan and pronounced -tan delta. It has no units. It reveals the viscoelastic and viscoelastic 

components of viscoelastic materials. 

The numerical value of Tan δ always lies between 0 and infinite. Tan δ=0 implies δ=0 degree 

in ideal elastic materials, and storage modulus completely dominates loss modulus.  In contrast, 

the ideal viscose fluid has a value of infinite or =90 degree, and the loss modulus completely 

dominates the elastic modulus. In the case of viscoelastic materials, the loss factor value is 

somewhere in the middle. 

 

2.1.2.4 Linear viscoelastic region 

The LVE region denotes the specific range within which the test can be undertaken without 

disrupting the sample's structure. The curves of the G' and G” are parallel in the LVE region, 

and their values are constant, resulting in the so-called plateau value. Furthermore, the values 

of G' and G" in the LVE region are frequently assessed. This represents the sample's 

viscoelastic properties. The sample has a gel-like or solid structure, and is characterized as a 
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viscoelastic solid substance when G' > G". The sample has a fluid structure and is characterised 

as a viscoelastic liquid if G" > G'. The measurements are normally required to be taken at strain 

or stress levels inside the LVE region. When doing an oscillatory test on an unknown sample, 

an amplitude sweep must be performed first to identify the LVE region's limit. 

 

2.1.2.5 Crossover point 

This is the point in a frequency sweep experiment where the storage and loss moduli curves 

intersect when operated at constant stain, as determined by an amplitude sweep experiment. 

The loss factor is equal to one at the crossover point. 

 

2.1.2.6 Complex viscosity 

A Complex Viscosity is the viscosity determined in an oscillatory experiment. The Complex 

viscosity is defined as: 

 η* = η’ - i η”  

Complex viscosity can be expressed in terms of modulus, as written below:  

η* = G*/ω 

 

2.1.3 Time dependent properties 

2.1.3.1. Structure recovery 

This experiment determines the viscosity of a polymer solution as a function of time. In this 

study, a specific amount of shear is applied for a set amount of time, then increased to a 

higher value and then returned to the initial low shear value, and structural recovery in terms 

of viscosity is measured [23]. This type of viscosity change is known as thixotropic 

behaviour or rheopectic behaviour[25]. Thixotropy is the restoration of initial viscosity 

following the removal of high shear, which caused the viscosity to decrease in the first place.  

Such viscosity recovery can be linked to structural recovery in polymer solutions. 

 

2.1.3.2.  Creep recovery test 

The entire deformation energy that was previously stored by the distorted material during the 

creep phase can now be recovered and utilised for the reformation process in this test. Because 

it reveals their time-dependent deformation behaviour, the creep test has the potential to 

evaluate polymer mechanical responses[26]. 
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2.1.3.3. Stress relaxation test 

Under constant strain, stress relaxation refers to a time-dependent reduction in stress. The load 

or stress required to maintain a fixed quantity of deformation or strain is measured as a function 

of time to study the polymer's typical behaviour[27]. 

 

2.2 Silk 

Silk is an example of polypeptide biopolymer. India is one of the world's leading silk producers. 

Insects make silk in the form of continuous fine strands of fibres that are connected by a glue-

like protein called sericin and enclosed in cocoons. It is divided into two types: domestic 

(mulberry) and wild (non-mulberry). Bombyx mori is the example of mulberry type, while 

tasar, muga and eri etc. are examples of non-mulberry types. 

 

2.2.1 Molecular structure of silk fibroin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.3 Molecular structure of silk fibroin 

 

Amorphous region comprises a combination of α-helix, β-sheet random coil, whereas 

crystalline region has fine structure of β-sheet nano crystals with hydrogen bonding. Sericin 

and fibroin are the two most common proteins found in silk. Sericin, the sticky material that 
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surrounds fibroin and holds the fibrils together, is the structural centre. Fibroin protein is made 

up of 16 different amino acids. 

 

2.2.2 Crystal structure of silk fibroin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.4 Crystal structure of silk fibroin 

 

2.2.3 Category of silk 

     1. Mulberry Silk (Bombyx mori)           2. Tasar Silk (Antheraea mylitta)  
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     3. Muga Silk (Antheraea   assamensis)         4. Eri (Philosamia ricini ) 

     

 

 

 

 

 

 

 

 

 

 

 

 

    Fig 2.5 Category of silk fibroin 

 

2.2.4 Composition of silk 

Fibroin 70-75% 

Sericin 25-30% 

Waxy substances 2-3% 

Natural Colours 1-1.5% 

Mineral matter 0.5-1% 
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2.2.5 Properties of silk 

 

1.   Silk is the one of the strongest fiber available. 

2.   It is highly crystalline (70-80%) 

3.   Silk possesses elastic-plastic nature but not as elastic as wool due to high crystallinity. 

4.   It shows 20-25% elongation under normal conditions. 

5.   It shows very good mechanical strength. 

6.   Non-mulberry variety possesses cell recognition sites in its amino acid sequence, which 

helps in tissue growth. 

7.   Silk sericin is antibacterial, antioxidant, UV resistant and has moisture absorbing properties. 

8.   It is a biocompatible and biodegradable polymer. 

9.   It has thermal degradation temperature around 250 C. 

10. Silk degraded in around one year.   

11. Silk polymer can be degraded faster in “protease solution” than “PBS solution” 

12. Its degradation rate (time) can be increased (decreased) by reducing its crystallinity-by    

blending some other fast degradable polymer like gelatin. 

13.  Non-Immunogenic. 

14. Utilization of cocoons discarded by textile industry 

15.  Easily available  

 

2.2.6 Application of silk 

1.  Textile Industry 

2.  Biomedical Constructs- Surgical sutures, surgical tape etc. 

3.  Cosmetics 

4.  Biosensors 

5. Tissue engineering- Bone tissue engineering, skin tissue engineering, nerve tissue 

regeneration, drug delivery etc. 

 

2.2.7 Advantages of non-mulberry silk over mulberry silk 

1. Non mulberry is biocompatible 

2. Arginine-glycine-aspartate (RGD) sequences are present, which promote cell adhesion and 

proliferation. 
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2.3 Gelatin 

Gelatin is a biodegradable biopolymer. It is a biopolymer that belongs to the peptide family. 

Collagen is partially hydrolysed to produce it. It has extraordinary physical properties. 

Collagen is partially hydrolysed from the skin, bones, and tissues of domesticated cattle, fowl, 

pigs, horses, and fish to make gelatin.  

 

2.3.1 Chemical structure of gelatin 

 

 

 

 

 

 

 

 

 

 

    Fig 2.6 Chemical structure of gelatin 

 

2.3.2 Category of gelatin 

 

1) Hard gelatin: Gelatin derived from bones produces tough, forming films that are hard and 

brittle. 

2) Soft gelatin: This is made from pork skin and provides soft and flexible films.   

 

Commercial gelatins are offered in two varieties: 

 

Type A: a product of acid treatment with an isoelectric point of roughly pH-9. It is primarily 

made from animal skin. 

Type B: isoelectric point at pH 4.7, derived after alkali treatment. It is primarily made from 

animal bones. 
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Fig 2.7 Commercial grade of gelatin 

 

 

2.3.3 Properties of gelatin 

1.  It is amorphous type. 

2.  Gelatin is colorless and translucent in physical appearance 

3. The mechanical properties of gelatin are very sensitive towards temperature variations. 

4. The upper melting point of gelatin is lower than that of the human body. 

5.  Gelatin readily dissolves in hot water, and sets to a gel on cooling and gel can be transformed 

into liquid on heating again. 

6.  It has initial thermal degradation temperature around 250 C. 

7.  Gelatin can be degraded in a day. 

8.  It is irreversibly hydrolysed form of collagen. 
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2.3.4 Hydrolysis of Collagen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 2.8 Hydrolysis of Collagen 

 

 

2.3.5 Sol-gel transition of gelatin 

 

  

Fig 2.9 Sol-gel transition of gelatin 
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2.3.6 Application of gelatin 

 

1.  Food and packaging industry 

1.1 Gelatinous desserts, gummy candy, a variety of yoghurts, and certain marshmallows 

1.2 Agents for thickening, emulsification, binding, and adhesion 

1.3 Attract and clear contaminants in fruit juices, wines, and vinegar 

1.4 Frequently added to low-fat dairy products such yoghurt, ice cream, and buttermilk to 

simulate the taste of fat. 

1.5 Food items are protected, maintained, or extended using gelatin-based edible films and 

coatings. 

1.6 For packaging applications, active gelatin-based films with possible antibacterial and 

antioxidant benefits due to additives such as essential oils, metallic nanofillers, and green tea 

extracts are utilised. 

 

2. Biomedical 

2.1 In bone tissue engineering, microcarriers are used. 

2.2 Wound dressings are made of gelatin-based hydrogel films and sponges. 

2.3 Soft tissue engineering applications benefit from gelatin blended with other polymers. 

2.4 As a biological adhesive for soft tissues, gelatin and poly-L-glutamic acid hydrogels are 

utilised. 

2.5 Drug carriers are made of gelatin nanoparticles. 

2.6 Contact lenses are made with gelatin. 

 

3. Cosmetics 

3.1 Skin creams and lotions, face masks, shampoos, hair conditioners, hair sprays, nail polishes, 

and lipsticks all include gelatin. 

3.2 Gelatin draws moisture to the product and thickens it, giving it a creamy texture. 

 

4. Pharmaceutical 

4.1 Gelatin is also used to enclose medication and vitamins in hard and soft capsules 

4.2 A stainless-steel mould is dipped into a heated gelatin solution to create hard capsules, 

which are made up of two portions. After that, the capsules are filled with a drug. 

4.3 Soft capsules, often known as soft gels, are one-part capsules constructed of gelatin sheets. 

As they are manufactured, they are filled with a drug. 
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2.4 Significance of polymer blend solutions  

Because of the existence of arginine-glycine-aspartate (RGD) sequences, non-mulberry silk 

fibroin has an advantage over mulberry silk fibroin in terms of cell adhesion and 

proliferation[1]. Non-mulberry silk derived from silkworm cocoons, on the other hand, is 

difficult to dissolve in standard solvents used for mulberry silk, such as calcium chloride 

(CaCl2), sodium thiocyanate (NaSCN), and lithium bromide (LiBr)[2].After several attempts 

to dissolve non-mulberry silk fibroin in the above-mentioned standard solvents, Silva et al 

discovered a few other solvents, such as ionic liquids, to make a blend solution of non-mulberry 

silk fibroin[3]. These solvents aid in the breaking of non-mulberry silk hydrogen bonds, 

rendering it soluble at the cost of disturbing its structural arrangements, which alters its 

physiological qualities. In order to improve physiological features such as mechanical strength, 

flexibility, and biodegradability, it was developed, researchers have taken a novel technique to 

blending silk fibroin with other polymers[28].  

A various mixture of blends such as Silk fibroin/PVA[5], Silk fibroin/Cellulose[6], silk fibroin/ 

wool keratose[7], Silk fibroin/Chitosan [8], [9],Silk fibroin/Nylon 66[10], Silk fibroin/Nylon 

6 [11], Silk fibroin/S carboxymethyl kerateine [12] have been reported in the literature. Only 

the mulberry type of silk has been investigated in the majority of the published research work, 

leaving the non-mulberry type unexplored despite its enormous potential.  Researchers' 

attention has recently switched to the preparation of non-mulberry silk fibroin blend materials 

with polymers such as poly (L-lactic acid-co-caprolactone)[13], chitosan[14], and polyvinyl 

alcohol[29] for a variety of applications. Because it is biocompatible, biodegradable, and 

affordable, gelatin is one of the feasible options for blending with non-mulberry silk fibroin. 

When silk and gelatin are blended, they can create a new class of material with better properties 

than either pure polymer on its own. However, before using these blends to make a material, 

it's vital to examine their solution properties, such as miscibility and viscoelasticity. In order to 

build materials like films and fibres with tailorable qualities, a level of coherence between the 

solid and fluid like properties of solutions must be obtained while studying viscoelastic 

behaviour. Rheology is one of the tools used to do such research.  
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CHAPTER 3. EXPERIMENTAL 
 

 

3.1 Material 

 

Central Silk Board, Son Bhadra, Uttar Pradesh, India provided Antheraea mylitta silkworm 

cocoons directly. From Sigma Aldrich, we got the ionic liquid BMIMAc (1-butyl-3-

methylimidazolium acetate). Thermo Scientific, India, provided gelatin bacteriological 

(average M.W. 20000 g mol-1) as well as a Slide-A-Lyzer dialysis flask (20K MWCO, 250 

mL). Loba Chemie Pvt. Ltd., India, supplied formic acid with a purity of 98 percent. In the 

dialysis of silk fibroin ionic solution, Milli-Q water was employed. 

 

3.2 Methodology 

 

Antheraea mylitta silkworm cocoons were degummed using a process previously published 

[30]. Under nitrogen environment, degummed silk fibres were dissolved in BMIMAc ionic 

liquid at 80-100°C. This silk fibroin ionic liquid solution was dialyzed for 5 days against miliQ 

water, with the water being changed every 12 hours. The water in the resultant aqueous silk 

fibroin solution was evaporated in a hot air oven. This dried silk powder was then dissolved in 

formic acid to generate silk fibroin stock solution (10% w/v), which was then blended with 

gelatin stock solution (20% w/v) in formic acid to make blends. Both solutions were agitated 

for one hour in a magnetic stirrer. The produced stock solutions of pure silk fibroin and pure 

gelatin were blended in particular ratios (w/w) to obtain the appropriate silk fibroin/gelatin 

blend solutions. 
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3.2.1. Pictorial presentation of preparation of regenerated Antheraea Mylitta 

(Tasar) silk fibroin stock solution  

 

 Tasar silk cocoon                    Degummed silk                          Silk Fibroin                  

fibroin                                 ionic solution 

                                              

 

                                             Silk fiber powder 

                                                                                                                         

 

                                                                                                                                                                                                                                 

Fig 3.1 Pictorial presentation of preparation of regenerated Antheraea Mylitta (Tasar) 

silk fibroin stock solution 

 

3.2.2. Pictorial presentation of preparation of gelatin stock solution  
 

                                                                

Bacteriological gelatin     

 

Fig 3.2 Pictorial presentation of preparation of gelatin stock solution 
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Table 3.1 Silk fibroin/gelatin blend solutions in formic acid abbreviations 

S.No. Silk fibroin         

10% (w/v) 

Gelatin            

20% (w/v) 

Sample code % Solid content of 

polymer (w/v) 

1 100 0 S10G0 10% 

2 50 50 S5G5 15% 

3 30 70 S3G7 17% 

4 20 80 S2G8 18% 

5 0 100 S0G10 20% 

 

3.2.3. Pictorial presentation of preparation of silk fibroin/gelatin blend 

solutions 

                                                            

             Silk fibroin solution      Gelatin solution 

                 in formic acid (10%w/v)     in formic acid (20%w/v) 

          (S10G0)    (S0G10) 

                                                                      

 

                                                               

 

 

                                             

S5G5 blend solution               S3G7 blend solution           S2G8 blend solution  

 

Fig 3.3 Pictorial presentation of preparation of silk and gelatin blend solutions 
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3.3. Characterization Techniques 

 

3.3.1. Optical microscopy 

The optical microscope, also known as a light microscope, is a type of microscope that employs 

visible light and a lens system to magnify images of small objects that are unable to be seen 

without a magnifying glass. 

1. Putting the sample to be viewed on the microscope slide and covering it with a coverslip. 

2. Setting the resolution power of the objective lens to the lowest possible. 

3. Position the microscope slide containing the sample to be viewed on the stage and secure it. 

4. Raising the stage to get it as close to the objective as possible while avoiding contact between 

the lens and the sample. 

5. Adjusting the focus knob to bring the image into focus while seeing the sample through the 

eyepiece. 

6. Increasing the contrast of the image by changing the condenser and light intensity. 

7. Rotate the microscope slide such that the sample's part of interest is in the centre of the field 

of view. 

8. To improve image clarity, adjust the focus knob, condenser, and light intensity once more. 

9. Switching to the next objective lens and fine-tuning the focus, condenser, and light as needed 

to see the image clearly. 

The stage should be lowered after using an optical microscope so that the microscope slide may 

be easily removed. 

The surface morphology of the five liquid solutions was examined using a microscope at 

magnifications of 4X, 10X, 20X, and 40X to validate the maximum miscible blend solution 

among the five samples.          

    

 

Fig 3.4 Motic BA410E optical microscopy 
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3.3.2 Rheology 

Rheology is the study of material flow and deformation, as well as how stresses, strains, and 

time affect the flow. Rheology describes the relationship between a material's characteristics, 

structure, and processing. The material's response qualities as a function of the following 

factors:  

Shear rate, the method and the magnitude of the imposing stress, the physical and chemical 

structure and measurement method, external environmental factor such as temperature.  

A rotational rheometer was used to examine the rheological properties of all five blend 

solutions, including steady shear, dynamic oscillatory, and time sweep rheological 

experiments. 

 

 

                     

 

Fig 3.5 Rotational rheometer Anton Paar MCR 302 
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3.3.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis studies the amount and rate of change in mass of a sample as a 

function of temperature or time in a controlled environment. The measurements are primarily 

used to determine a material's thermal and/or oxidative stabilities, as well as to analyse its 

composition. The procedure was carried out in a N2 gas environment. The compositional 

analysis can be performed using auto stepwise TGA, which heats the sample at 3°C/min and 

then retains it under isothermal conditions when the instrument detects a considerable weight 

loss. Thermal stability of silk fibroin and gelatin blends, as well as its pure form, may be 

determined by Thermogravimetric analysis. When no weight change is seen in a polymeric 

sample throughout a specified temperature range, the polymer is said to be thermally stable. 

TGA is used to determine the temperature of thermal degradation, which is required to conduct 

DSC. So, before running the samples for glass transition temperature (Tg) detection using DSC, 

the thermal degradation temperature must be determined using TGA. A Perkin Elmer TGA 

4000 thermal analysis equipment was used to perform Thermogravimetric analysis (TGA) of 

silk fibroin and gelatin blend solutions, as well as pure forms of both polymeric solutions. 

Under nitrogen atmosphere, all five solutions were thermogravimetrically analysed at a rate of 

10°C/min between temperatures ranging from 30 to 900°C. 

                      

                       

                              

Fig 3.6 Perkin Elmer TGA 4000 
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3.3.4 Differential Scanning Calorimetry (DSC) 

Measurements of transitions such as the glass transition, melting, and crystallization are 

possible with DSC. Thermal curing, specific heat capacity, and purity analysis are examples of 

chemical reactions that can be measured. DSC is a technique to determine enthalpy changes as 

a function of temperature or time induced by changes in a material's physical and chemical 

properties. The process allows materials to be identified and characterized. Differential 

scanning calorimetry is quick, accurate, and simple to use. The energy transferred to or from a 

sample undergoing a physical or chemical change is measured using differential scanning 

calorimetry (DSC). In a N2 gas environment, the technique was carried out. DSC may be used 

to determine the glass transition temperature (Tg), crystallization temperature (Tc) and melting 

temperature (Tm) of silk fibroin and gelatin blends, as well as their pure form of solutions. 

Differential Scanning Calorimetry was performed on silk fibroin and gelatin blend solutions, 

as well as pure forms of both polymeric solutions, using Perkin Elmer DSC 8000 equipment.  

Tg can occur as an amorphous material's temperature increases. These transitions manifest as 

an endothermic peak in the DSC signal curve, with the lowest temperature corresponding to 

the initial exothermic peak. As the temperature rises, an amorphous substance loses its 

viscosity. The molecules may finally get enough freedom of motion to spontaneously arrange 

themselves into a crystalline structure, at which point the temperature is known as the 

crystallization temperature (Tc) and a second exothermic peak is produced. The amorphous to 

crystalline transition occurs. As the temperature rises, the sample approaches melting 

temperature (Tm). The melting process causes the endothermic peak in the DSC curve. 

Differential scanning calorimetry (DSC) was performed using thermal analysis instrument with 

a scanning speed of 10°C/min and a nitrogen gas flow of 50ml/min. 

 

                                      

                                        Fig 3.7 Perkin Elmer DSC 8000 
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CHAPTER 4: RESULT AND DISCUSSION 
 

4.1 Rheology 

4.1.1 Steady shear rheological behaviors of silk fibroin and gelatin blend 

solutions 

 
4.1.1.1 Effect of variable shear rate on shear viscosity

 
Fig 4.1 Steady shear rheological curves of the silk fibroin/gelatin blend solution with different 

blending ratios at 25 ℃. 

At 25 °C, the steady shear profiles of silk fibroin/gelatin blend solutions were investigated, as 

shown in Fig. 4.1. Because of differences in macromolecular chain entanglement, the 

viscosities of polymeric solutions varied with changes in polymer content. In the applied range 

of shear rate (0.01-500 s-1), the low concentration of polymer in S10G0 (10%) showed the 

highest viscosity at low shear rate, suggesting a highly entangled polymer structure in the 

solution, which subsequently displayed shear thinning behaviour when high shear was applied. 

In S0G10, however, the high polymer concentration (20%) resulted in lower viscosity at low 

shear rates and virtually little shear thinning as the shear rate was increased. This behaviour 

showed that polymer chains in the solution were less entangled molecularly. Their viscosities 

changed with respect to the polymeric component when these two were blended in various 



 
 

26 
 

ratios. The blend solution with the highest silk fibroin concentration (S5G5) had a higher 

viscosity than the blend solutions with the highest gelatin content (S3G7, S2G8). Even though 

its polymer concentration is lower (15%) than the other two blends (17% and 18% for S3G7 

and S2G8 respectively) owing to the higher entanglement of molecular chains. As indicated by 

the shear thinning behaviour of these solutions, the application of high shear rate resulted in 

disentanglement and further alignment of molecular chains in the blend solutions. In the 

literature, mulberry silk fibroin solution in formic acid exhibited similar shear thinning 

behaviour [30].  

 

4.1.1.2 Carreau-Yasuda model fitting for silk fibroin and gelatin blend solutions 

 

A comparison of the apparent viscosity at shear rates 1, 50, and 100 s-1 was done to further 

investigate the link between viscosity and shear rates at varied blend ratios. The values of 

viscosities at various shear rates can be derived directly from experimental data; however, zero 

shear viscosity can only be acquired through rheological model fitting. 

The three-parameter Carreau-Yasuda model [31] was used to conduct one such fitting, and the 

fitted curve is shown in Fig. 4.2. 

 

                                            (𝜂 − 𝜂∞) (𝜂0 − 𝜂∞)⁄ = [1 + (𝜆𝑦̇)𝑎](
𝑛−1

𝑎
)
                                                                   (1) 

 

Where 𝜂 represents the viscosity in mPa.s, 𝜂∞ means the infinite shear-rate viscosity in mPa.s, 

𝜂0 denotes the zero shear-rate viscosity in mPa.s, λ is the relaxation time in sec, 𝑦̇ represents 

the shear rate in s-1, 𝑛 denotes the power-law exponent and 𝑎 is known as the rate index of 

transition.  

The usual rheological parameters such as 𝜂∞, 𝜂0, λ, 𝑛, 𝑎 and linearity R2 of all five solutions 

were found using curve fitting, as shown in Table 4.1. Because Carreau's model is commonly 

applicable to non-Newtonian solutions, the rheological parameters obtained by fitting 

this model might not be as reliable for pure gelatin solution as they are for the other four 

solutions. The flowability of the solutions was investigated in relation to plateau length using 

a plot of log 𝜂 vs log 𝑦 ̇ as shown in Fig. 4.2. In general, in polymer solutions, a longer plateau 

is linked with Newtonian behaviour. Throughout the applied range of shear rate, pure silk 

fibroin solution showed no plateau, indicating Non-Newtonian behaviour, whereas pure gelatin 

solution was determined to be Newtonian, displaying the longest plateau. At high shear rates, 
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the effect of blending silk fibroin with gelatin was visible as a small plateau. Furthermore, 

when the gelatin concentration in blend solutions increases, the plateau length increases, 

reflecting greater Newtonian behaviour at a higher shear rate. Researchers earlier discovered a 

similar shift in plateau length for gelatin solution in ionic liquids [6][32] 

 

Fig 4.2 Carreau-Yasuda model fitting for silk fibroin/gelatin blend solutions with various 

blending ratios 

 

Table 4.1 Model fitting was used to get rheological parameters. 

S.No. Sample 

code 

𝜼𝟎 

(mPa.s) 

 𝜼∞ 

(mPa.s) 

λ  

(sec) 

𝒏 𝒂 R2 

1 S0G10 215 124 1.31 0.160 0.47 0.9416 

2 S2G8 2361 175 53 0.391 4.09 0.9992 

3 S3G7 13972 172 86.6 0.221 3.03 0.9998 

4 S5G5 83624 324 96.8 0.038 10.34 0.9997 

5 S10G0 575170 170 324 0.119 3.47 1.000 
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4.1.1.3 Comparison of estimated values vs experimental values of silk fibroin and gelatin 

blend solutions 

 

For the purpose of comparing the estimated and experimental viscosities of blend solutions at 

the shear rate of 0 s-1 (𝜼𝟎), 1 s-1 (𝜼𝟏), 50 s-1 (𝜼𝟓𝟎) and 100 s-1 (𝜼𝟏𝟎𝟎) were analysed.  

𝜼𝟏,𝜼𝟓𝟎 and 𝜼𝟏𝟎𝟎 of pure solutions was determined using experimental data, whereas 𝜼𝟎 was 

determined via rheological model fitting. 

 

 

Fig 4.3(a) Estimated viscosity values, Fig 4.3(b) Experimental viscosity values at shear rates 

of 0, 1, 50, and 100 s-1, the viscosity of all silk fibroin/gelatin blend solutions was measured. 

 
4.1.1.4 Log-additivity rule for silk fibroin and gelatin blend solutions 

 

While studying the solution properties in blends, miscibility is a parameter of concern as it 

affects their properties drastically. To check the compatibility of silk fibroin with gelatin in 

blend solutions, viscoelastic functions can be calculated from the log-additivity rule. In 

literature, this rule has previously been applied to study the blend miscibility of polymer 

solutions by several researchers. Zhang and Pan studied the miscibility of silk/PVA blend 

solutions by analysing the deviation behaviour of viscoelastic functions[5]. Yao and co-

workers analysed the miscibility in silk/cellulose blend solution with the help of log-additivity 

rule[6]. 

Miscibility is a criterion to consider while investigating the solution properties of blends 

because it has a significant impact on their properties. The log-additivity rule can be used to 

calculate viscoelastic functions to see if silk fibroin and gelatin are compatible in blend 
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solutions. Assuming Silk fibroin and gelatin are entirely miscible, equation 2 can be used to 

calculate viscosity and dynamic modulus. 

 

log F = WSF log FSF + Wgel log Fgel                                                                (2) 

Where     F:               Viscoelastic function like viscosity, dynamic modulus etc. 

               WSF, Wgel:   Weight fraction of silk fibroin and gelatin in blend solution respectively. 

    FSF, Fgel:         Viscoelastic function of pure silk fibroin and gelatin respectively. 

Fig 4.3(a) and 4.3(b) show a comparison of estimated viscosity values obtained using the 

additivity rule as per equation 2 with experimental viscosity values of pure and blended 

solutions at shear rates of 0, 1, 50, and 100 s-1. Based on the η0, η1, η50, and η100 results presented 

in Fig 4.3, the discrepancy between actual values (bold lines) and estimated values (dotted 

lines) of apparent viscosities of blend solutions was depicted in a new Fig. 4.4. 

 

Figure 4.4  Plots of the estimated values (the blue dotted lines) and experimental values (the 

red bold lines) of the viscosities at a shear rate of (a) 0 s-1, (b) 1 s-1, (c) 50 s-1, (d) 100 s-1   for 

silk fibroin/gelatin blend solutions with a different mass fraction of silk fibroin 
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The obtained experimental values deviated from the estimated parameters, showing partial 

miscibility of the polymeric components with a continuous-discrete phase morphology. 

Positive deviation is generally related to good interface interaction between the two polymeric 

components (homogeneity) and negative deviation indicates the poor compatibility or uneven 

mixing (heterogeneity) of the polymers[6]. At zero shear, the apparent viscosities showed a 

negative deviation for all blend ratios examined, as can be seen. This is due to the 

incompatibility of silk fibroin and gelatin in steady state, as their viscosities are significantly 

different. As the shear rate was raised, the apparent viscosity deviation from the estimated 

values varied, and phase morphology was observed to change for particular blend 

compositions. Fig 4.5 depicts the likely phase morphology of these solutions. When the silk 

component in the blends was decreased, the apparent viscosities approached the estimated 

values at low shear rates (1 s-1), but negative deviation remained. S2G8 and S3G7 showed 

inversion of phase morphology with positive deviation in viscosities at high shear rates (50, 

100 s-1), however S5G5 showed only negative deviation. 

 

Figure 4.5. A schematic figure depicting the likely phase morphology of silk fibroin/gelatin 

blend solutions when shear rates are applied at low and high levels. 
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It's possible that because the concentration of gelatin in the blend solutions is higher (20%), it 

exists as a continuous phase while silk fibroin exists as a dispersed phase. The size of the 

continuous and dispersed phases, on the other hand, is variable and depends on the polymeric 

content as well as the relative viscosities of the two phases. Figure 4.12 shows the size variation 

of the dispersed silk fibroin phase in the continuous gelatin phase at high shear rate as shown 

using an optical microscope. Because the concentration of highly viscous silk fibroin is low in 

S2G8 and S3G7, the size of the dispersed phase is smaller than in S5G5, resulting in the 

formation of a homogeneous blend morphology characterised by positive deviation in apparent 

viscosities with increased shear rate. Due to the higher concentration of highly viscous silk 

fibroin in S5G5, the size of the dispersed phase is large enough even after applying a high shear 

rate, producing a heterogeneous blend morphology with negative apparent viscosities. The 

phase morphology of polymer blend solutions has been shown to be influenced by applied 

shear rate and polymer composition in the literature [5], [6]. Yao et al. found that applying high 

shear increased the interface interaction of silk and cellulose, which is similar to our results. 

High shear can be utilised to generate homogeneous blend solutions for smooth processability 

while electrospinning or 3D printing because it can improve the dispersion of silk fibroin in 

gelatin. 

 To conclude, all blend solutions were unstable at zero shear rate, but as shear rate increased, 

different behaviour was appeared, with blend solutions with more than 17% polymer content, 

such as S2G8 and S3G7, approaching the estimated value at shear rate 1 s-1, even with negative 

deviation. Positive deviation began to appear as the shear rate was increased, i.e., 50 s-1 and 

100 s-1 blend solutions with more than 17% polymer content, as shown in Fig. 4.4 (b), (c), and 

(d). 

4.1.2 Dynamic oscillatory behaviors of silk fibroin and gelatin blend 

solutions 

 

 
4.1.2.1 Amplitude sweep 

 
The amplitude of the deformation or shear strain is altered while the frequency remains 

constant in amplitude sweep. The frequency was kept at 10 rad/sec in this current research. To 

investigate the linear viscoelastic region (LVER) of solutions, the storage modulus (G') and 

loss modulus (G”) were plotted versus deformation or % shear strain, as shown in Fig 4.6. 
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LVER is the region until G' and G” remain constant, indicating that blend solutions are stable 

and their structures are unaffected. When G' is more than G”, the sample acts more like a 

viscoelastic solid; when G' is less than G”, the sample behaves more like a viscoelastic fluid 

[33][34]. As demonstrated in Fig. 4.6(a), the S10G0 solution exhibited viscoelastic solid 

behaviour up to 70% shear strain and viscoelastic fluid-like behaviour above that. Surprisingly, 

the behaviour of S0G10 is viscoelastic fluid across the shear strain range, as seen in Fig 4.6(e). 

Furthermore, as illustrated in Figs 4.6(b), (c), and (d), all blend solutions behaved as 

viscoelastic solids at low shear strain and viscoelastic fluids at high shear strain This is in 

agreement with the steady shear analysis we did before. 

The frequency sweep analysis will be performed using the LVE region generated in Fig. 4.6 

by applying precise strain within this region. 

 

 
 

Fig 4.6 Amplitude sweep indicating linear viscoelastic (LVE) region (a) S10G0, (b) S5G5,     

(c) S3G7, (d) S2G8, and (e) S0G10. 
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4.1.2.2 Frequency sweep 

 
The frequency was varied from 0.1 to 100 rad/sec in frequency sweep, and the percent shear 

strain of each blend (S10G0=1%, S5G5=1%, S3G7=10%, S2G8=10%, and S0G10=10% shear 

strain) was held constant inside the LVE region as determined by amplitude sweep. As 

illustrated in Fig 4.6, G' and G” were plotted versus angular frequency for analysis. 

 

 
 

 

Fig 4.7 Frequency sweep of silk fibroin and gelatin solutions (a) S10G0 (b) S5G5, (c) S3G7, 

(d) S2G8, and (e) S0G10. 
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G' dominates the angular frequency range representing viscoelastic solid behaviour for S10G0, 

as seen in Fig 4.7(a). G” was prominent over the angular frequency range in pure gelatin (Fig 

4.7(e)), implying viscous fluid behaviour. The viscoelastic behaviour of both the native was 

seen to change after blending. In the case of S5G5 and S2G8 (Fig 4.7(b) and 4.7(d)), G” is 

higher than G' at high frequencies, indicating viscoelastic fluid behaviour, however at lower 

frequencies, a crossover point is found, after which the trend of G” and G' reverses, indicating 

viscoelastic solid behaviour. However, as seen in Table 4.2, the position of crossover points 

differed between such two blends. Surprisingly, the viscoelastic behaviour of the S3G7 solution 

(Fig 4.7(c)) differed from that of the other two blends, which could be due to the intermolecular 

interactions of silk fibroin and gelatin, but more research is needed to be sure. Overall, blending 

silk fibroin with gelatin resulted in solutions that behaved at different frequencies like 

viscoelastic solids as well as fluids. This means that such changes in the behaviour of polymeric 

solutions can help them process more easily. Silk fibroin solution has previously been shown 

to have similar frequency-dependent viscoelastic properties[34]. By altering the oscillation 

frequency, Mu et al were able to interconvert gel and fibrils using silk's viscoelastic 

characteristic[35] 

 

 

Table 4.2 Frequency sweep data of pure silk fibroin / pure gelatin and their blend solutions. 

 

Sample 

code 

                At low frequency Crossover point                  At high frequency  

    G’ G” Loss 

factor 

(Tan δ) 

Angular 

frequency in 

rad/sec 

G’  G” Loss 

factor 

(Tan δ) 

Moduli at 

crossover 

point 

 

S0G10               0.004        0.028          6.62            No crossover           0.97               3.75            3.88 

S2G8                 0.085         0.03            0.53            8.04                          1.28               6.02            4.71 

S3G7                 1.29           2.41            1.38            2.37                          16.21             9.11            0.62 

S5G5                 5.51           2.61            0.54            1.44                          17.60             25.51          2.63 

S10G0            120.89        48.72           0.16            No crossover           186.28          26.29          0.67 

          -      

       0.52 

       6.32 

        1.4 

           -         
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4.1.2.3 Loss factor 

 

Fig 4.8 Loss factor (Tan δ) for silk fibroin/gelatin blending solutions with various blending 

ratios as a function of angular frequency  

 

Tan δ denotes the loss factor as the ratio of G” and G'. This is a crucial criterion for determining 

the viscoelasticity of polymer solutions. When Tan δ is more than one, the fluid property of the 

viscoelastic material takes precedence, while when Tan δ is less than one, the solid property 

takes precedence. Fig 4.8 shows that in the whole frequency range, pure silk fibroin solution 

had a Tan δ value less than one, but pure gelatin solution had a Tan δ value more than one. 

This indicates that solid-like behaviour dominates in silk fibroin solution, but fluid-like 

behaviour dominates in gelatin solution. Changes in frequency were found to alter the loss 

factor in blend solutions, as shown in Table 4.2. Tan δ > 1 was seen at high frequency in S2G8 

and S5G5, however it was less than one in S3G7. The blend solutions revealed the exact 

opposite at low frequencies. 

 

4.1.2.4 Complex viscosity 

 

As illustrated in Fig 4.9, comparison plots of complex and shear viscosity investigating the 

viscous properties of pure and blend solutions were generated. Despite being measured under 

steady and dynamic conditions, the viscosity and complex viscosity of pure silk fibroin and 

blend solutions showed a nearly identical trend but numerically different values, contradicting 
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the well-known Cox-Merz rule that states that these two viscosities should be numerically 

equal. However, depending on the type of entanglement among polymeric chains in the 

solution, the values of complex and shear viscosities can differ from one another, according to 

the literature [36].  

Shear viscosity of blend solutions decreases with increasing gelatin content in blend solutions, 

as shown in Table 4.3, and follows the trend 

S10G0>S5G5>S3G7>S2G8>S0G10 at low shear rate and 

S10G0>S5G5>S2G8>S3G7>S0G10 at high shear rate. 

With increasing gelatin content, the complex viscosity of the blend solutions decreases, with 

S10G0>S3G7>S5G5>S2G8>S0G10 at low angular frequency and 

S10G0>S3G7>S5G5>S0G10>S2G8 at high angular frequency. 

The structural disruptions that may have happened as a result of uncoiling on applying shear 

are responsible for the observed discrepancy in shear viscosity and complex viscosity values 

in Table 4.3 

 

Fig 4.9 Comparison diagram of η and η* for different blending ratios of silk fibroin/gelatin 

blend solutions (a) S10G0 (b) S5G5, (c) S3G7, (d) S2G8, and (e) S0G10. 
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Table 4.3 Data on the viscosity and complex viscosity of pure silk, pure gelatin, and various 

blend solutions. 

 

Sample code At low shear rate At high shear 

rate 

At low angular 

frequency 

At high angular 

frequency 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Complex viscosity 

(mPa.s) 

Complex viscosity 

(mPa.s) 

S10G0 165258 883.98 1985260 1417.44 

S5G5 7807.92 208.99 19454.6 142.76 

S3G7 2311.904 176.75 48746.01 342.47 

S2G8 823.35 190.51 556.54 109.23 

S0G10 177.18 126.05 416.87 125.58 

 

 

4.1.3 Time-dependent behaviors of silk fibroin and gelatin blend solutions 
 

4.1.3.1 Structure recovery behavior of silk fibroin and gelatin blend solutions 

 

The structural behaviour of polymeric solutions is investigated using a rotational shear test with 

respect to time, which reveals polymer viscosity that is time dependent. In this study, a certain 

amount of shear is applied for a set period of time, then increased to a higher value, then 

reduced to the initial low shear value, and structural recovery in terms of viscosity is assessed 

[23]. Thixotropic or Rheopectic behaviour is the term used to describe this type of viscosity 

change in behaviour [37]. Thixotropy is the return of initial viscosity after removing the strong 

shear that caused it to decrease in the first place. The return of viscosity in polymer solutions 

can be linked to structural recovery. As shown in Fig.4.10, because of its entangled structure, 

pure silk fibroin solution displayed the highest viscosity at low shear rates [38][39][40], and 

after applying high shear rates, viscosity decreased, reflecting a change in structure owing to 

uncoiling of molecular chains during the high shear rate stage. 
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Fig 4.10 Structure recovery of silk and gelatin blend solutions by measuring shear viscosity in 

three intervals of low-high-low shear rates under time dependent rotational shear behaviour. 

 

After the high shear was removed, viscosity returned to thixotropic behaviour, with a structural 

recovery of 78.9%. Partially recovering the structure could be due to breakdown between some 

molecular chains rather than disentanglement, which could have occurred as a result of high 

shear application. In our previous investigation[41], we observed similar thixotropic activity in 

mulberry silk fibroin solution with 11 percent structural recovery. As a viscous fluid, pure 

gelatin solution demonstrated perfect structural recovery. All of the blend solutions showed 

similar thixotropic behaviour; however, the proportion of structural recovery was found to be 

different, with 70 percent, 74.7 percent, and 89.4 percent for S2G8, S3G7, and S5G5, 

respectively. It is important to note that, in contrast to pure silk solutions, the percentage 

structural recovery improved as the silk content in blend solutions increased. This can be 

explained by our findings in the frequency sweep test, which showed that blending produced 

solutions with viscoelastic. When high shear was applied to these blend solutions, molecular 

disentanglement occurred without any disruption of chain-chain interactions, allowing them to 

regain their structure and move closer to complete recovery. 
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4.1.3.2 Creep recovery and compliance behavior of silk fibroin and gelatin blend solutions 

 

Because it offers time dependent deformation behaviour, the creep test has the ability to 

evaluate the mechanical responses of polymers[26]. The creep and creep recovery results from 

experiments done on blend solutions are shown in Figure 4.11 (a). Deformation of pure silk 

fibroin solution S10G0 occurs at around 26% strain, and after the load is released, it shows 

delayed permanent deformation at around 20% strain, showing viscoelastic solid like 

behaviour. However, S0G10 showed persistent deformation upon loading and no reformation 

was detected in the solution after the load was released, implying perfect viscous behaviour, 

which is consistent with our frequency sweep analysis findings. After the load was released, 

the blend solutions S2G8, S3G7, and S5G5 showed no reformation, indicating that adding 

gelatin to the silk solution changed its own viscoelastic solid behaviour, comparable to our 

frequency sweep results. When a load of 5 Pa is applied to S5G5, S3G7, and S2G8, the extent 

of the deformation increases on increasing the gelatin content in silk solution i.e., S5G5, S3G7, 

and S2G8 have 543000, 1640000, and 3230000 percent deformation, respectively. Since pure 

gelatin is deformed (around 2370000 percent) much more than pure silk solution (around=25 

percent), the behaviour of gelatin is found to be dominant in blend solution. The creep 

compliance J(t) is defined as the change in deformation with time when a constant load is 

applied instantly. As illustrated in Fig. 4.11(b), the creep compliance behaviour of blend 

solutions has been investigated. The creep compliance of pure silk fibroin solution increased 

at first and then remained constant at 0.052 Pa-1 throughout time. Pure gelatin solution, on the 

other hand, showed a steady increase with time up to 4735 Pa-1, while blend solutions with 

compliance values of 6596, 3296, and 1080 Pa-1 of S2G8, S3G7, and S5G5, respectively, 

showed the same pattern. When gelatin is added to a pure silk fibroin solution and a high load 

is applied, the viscoelastic solid transforms into an ideal viscous solution [26]. 
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Fig 4.11 Creep recovery (a) and creep compliance (b) of silk fibroin/gelatin blend solutions 

with various blending ratios. 

 

4.1.3.3 Stress relaxation behavior of silk fibroin and gelation blend solutions 

Under constant strain, stress relaxation is a time-dependent decrease in stress. The load required 

to sustain a fixed quantity of deformation or strain as a function of time is used to investigate 

the polymer's characteristic behaviour[27]. In the stress relaxation test, silk fibroin/gelatin 

blend solutions were tested by applying a percent pre strain value of 1, 0.5, 1, 0.5 for S0G10, 

S10G0, S2G8, S3G7, and S5G5, respectively, and keeping this pre strain value constant for 
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100 seconds for each solution. Following that, relaxation strains of 10, 1, 10, 10 and 1 were 

applied to S0G10, S10G0, S2G8, S3G7, and S5G5, respectively and for the next 1000 seconds, 

this strain value was kept constant. In Fig 4.12, the permissible maximum deformation was 

chosen within the LVE region of each individual solution, and time-dependent stress relaxation 

curves with stress on the vertical axis and time on the horizontal axis are shown  

 

Fig 4.12 Stress relaxation curve of silk fibroin and gelatin blend solutions. 

 

S0G10 solution showed no stress relaxation throughout the whole test time interval, implying 

that its polymer chains entirely absorbed the stress. This behaviour is common in highly viscous 

polymer solutions, and it is consistent with our amplitude sweep results. However, due of its 

viscoelastic solid-like behaviour, the S10G0 solution demonstrated stress relaxation towards 

the ending of the test period, which was also seen by the creep recovery test. Kothari, 

Rajkhowa, and Gupta reported similar relaxation behaviour in non-mulberry silk fibroin, 

indicating that it has a more viscoelastic characteristic[42]. The blends with higher gelatin 

content, such as S2G8, exhibited minimal stress relaxation, but the blends with higher silk 

content, such as S3G7 and S5G5, showed consistent stress relaxation throughout the study 

period. This behaviour indicates to viscoelastic properties in the blend solutions, which were 

confirmed by other dynamic oscillatory rheological experiments carried out in this 

investigation. 
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4.2 Optical microscopy 

 

                               

   Fig 4.13(a) S0G10_40X         Fig 4.13(b) S2G8_40X      Fig 4.13(c) S3G7_40X 
 
 

         
  Fig 4.13(d) S5G5_40X         Fig 4.13(e) S10G0_40X 
 

 

Fig 4.13 In an optical microscope, the surface roughness of silk, gelatin, and their blend 

solutions were studied. 

  

The optical microscope was used to evaluate the miscibility of silk and gelatin solution in terms 

of surface roughness in various proportions under 40X resolution. The surface of S2G8, S3G7, 

and S5G5 blend solutions was found to be rough under an optical microscope, as illustrated in 

Fig. 4.13, and this roughness is linked to the continuous-discrete phase of the silk and gelatin 

blend solution. Due to the larger concentration of gelatin in all blend solutions, it was presumed 

that gelatin was present as a continuous phase, while silk was present as a discrete or dispersed 

phase due to the low concentration. The miscibility of the blend solutions was assessed by the 

size of dispersed silk in gelatin. The small size of silk in S2G8 and S3G7 indicates a 

homogeneous solution. The high size of silk in S5G5 solution, on the other hand, made the 

solution heterogeneous. This was corroborated by other dynamic oscillatory rheological studies 

conducted in this study. 
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4.3 Thermogravimetric Analysis (TGA) 

 

Fig 4.14 TGA of pure silk, gelatin and their blend solutions was studied. 

 

 

Thermogravimetric analysis was used for thermal analysis. Study was done under inert 

environment. Fig 4.14 shows how the percentage weight of pure and blended silk and 

gelatin solutions decreases as the temperature rises. Evaporation of water or other volatile 

substances causes the initial weight loss in all of the samples at roughly 100°C. The second 

weight loss is found at temperatures between 300 and 400°C, which can be attributed to the 

thermal degradation of amino-acid side chain groups as well as the protein backbone, which 

includes peptide linkages. Andiappan, Kumari, Sundaramoorthy, Meiyazhagan,  

Manoharan, and Venkataraman observed similar results for tasar silk fibroin scaffolds, with 

one weight loss at 100°C and the other at 370°C[43]. In addition, by retaining the 

addition of gelatin in silk fibroin, the weight loss curve in the blend solution shifted towards 

lower temperatures, as seen in Fig 4.14. At final temperature that is 900°C, all the blend 

solutions demonstrated a lower final percentage weight loss than pure silk fibroin but a 

higher final percentage weight loss than pure gelatin film as anticipated. Similar behaviour 
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was reported by Tsukada, Freddi, and Kasai in A. Pernyi/ B. Mori SF blend films, which 

exhibited intermediate thermal behaviour of the two pure polymeric components[44]. 

Blending silk polymer with gelatin polymer improves the thermal stability of gelatin 

polymer, however gelatin accelerates the thermal degradation of silk polymer. 

 

4.4 Differential Scanning Calorimetry (DSC) 

 

Fig 4.15 DSC of pure silk, gelatin and their blend solutions was studied. 

 

Differential Scanning Calorimetry was used for thermal analysis. Study was done under 

inert environment. The DSC thermogram of pure gelatin solution shown major endotherm 

at temperature around 270°C, as illustrated in Fig 4.15. The pure silk fibroin solution shown 

endotherm at around 240°C. As seen in the DSC thermograms, blending silk fibroin with 

gelatin results in a considerable change in the peaks. There was no crystallisation peak due 

to the solvent treatment of silk with methanol during the degumming process. Tg and Tc 

disappeared from the DSC thermogram of methanol treated film samples, as reported by 
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Gil, Frankowski, Bowman, Gozen, Hudson, and Spontak for B. mori silk fibroin/gelatin 

blend film [45] 

Taddei and co-workers earlier reported on the effects of blending B. mori silk fibroin and 

gelatin, observing significant changes in the DSC thermogram of blends with the absence 

of Tg and Tc [46]. The primary endotherm peaks for the blend solutions S2G8, S3G7, and 

S5G5 were 255°C, 248°C, and 243°C, respectively. Furthermore, the observed endotherm 

peak shift in S2G8, S3G7, and S5G5 blend solutions when compared to pure silk can be 

attributed to partial miscibility of two pure polymeric components when they are blended. 

DSC endotherm shifts in silk-PVA blends have been associated to polymer blending by 

Lee and co-workers [47]. When B. mori silk fibroin was blended with S-carboxymethyl 

kerateine, Lee and Ha observed a shift in the decomposing endotherm [12]. 
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CHAPTER 5: CONCLUSION 
 

Steady and dynamic shear experiments were used to investigate the rheological behaviour of 

pure silk fibroin, pure gelatin, and their blend solutions in various compositions. At rest, the 

viscosity of the S10G0 solution was the highest, while the viscosity of the S0G10 solution was 

the lowest, which decreased with increasing shear rates. The viscosity of the blend solutions 

was intermediate to that of the pure solutions, and shear thinning was seen in all of them. When 

the Carreau yasuda model was fitted to the log viscosity vs log shear rate curves, it was 

discovered that when Silk fibroin solution was blended with gelatin, which was Newtonian in 

pure form at high shear rate, the non-Newtonian behaviour of silk fibroin solution became 

Newtonian. The log additivity rule revealed low miscibility of silk fibroin and gelatin at zero 

shear when analyzing blend compatibility. High shear induced homogeneity in blend solutions, 

resulting in increased interface contacts. The longest LVE region was recorded in in amplitude 

sweep test of S2G8 solution confirming the system's highest stability. In general, blend 

solutions with less than 11% silk were shown to be more miscible than those with higher silk. 

The frequency sweep test revealed that pure silk fibroin solution, which behaved like a viscous 

solid, and pure gelatin solution, which behaved like a viscous fluid, changed the behaviour of 

blend solutions to viscoelastic, and it was found that this behaviour was frequency dependent. 

Blend solution behaviour was also validated by loss factor data. Except for the pure gelatin 

solution, all other solutions deviated from the Cox-Merz rule, possibly due to chain 

entanglement variations. Gelatin showed complete structural recovery, with the level of 

recovery varying depending on the amount of gelatin in the blend. In a creep recovery test, the 

application of a high load over a period of time changed the behaviour of blends from solid 

like to ideal viscous solution. The data on stress relaxation was quite helpful in generating 

viscoelastic behaviour in blend solutions. In general, specific factors could change the 

viscoelastic behaviour of solutions. The ability to modify the conditions at the solution level 

can be beneficial in the development of materials with tailorable qualities. Thermal 

investigation of all solutions using DSC revealed partial miscibility of the pure components in 

the blend, which was not visible under optical microscopy. When gelatin was blended with silk 

fibroin, TGA showed that the thermal stability of the gelatin was improved. 
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