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1. INTRODUCTION

Silks are fibrous protein polymer that spun by some arthropods such as silkworms, spiders,

mites, scorpions and bees during their metamorphosis [1]. Silk is usually produced within

specialized glands after biosynthesis by epithelial cells and secreted from these glands

where the proteins are stored prior to spinning into fiber [3].

Silk proteins are preferable in biomedical applications due to their high strength (up to 4.8

GPa), light weight (1.3 g/cm3 ) toughness and elasticity ( up to 35% ) [2] and being block

copolimer- linked proteins, highly biocompatible, biodegradable and they can be thermally

stable  up to  250 0 C. They have also less inflammatory risk and good water vapour

permeability. Beside these features it is also it is also economically advantageous to use

silk fibroin for biomedical applications.

Figure-1.1:Hierarchy of the morphology of a Bombyx mori cocoon.(Scale bar from left to right:

1cm, 200 µm, 20 µm, 10µm)

The most used silks are cocoon silk fibroin from the silkworm Bomboyx mori and silk

from a spider Nephila davipes. Silk worm silks are mainly fibroin protein where as the

major protein of spider silk is spidroin [4]. The silk based biomaterials are commonly

prepared from silk worm silk because it is difficult to get spider silks in the nature.

Figure-1.2: The silkworm cocoon
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1.1 Silkworm Silk

The silkworm silk is a naturally polymer that has been used in textile production and

clinical sutures for centuries [3].

Silkworms live a very short time (about 45-60 days) and liquid silk solution was secreted

from large glands in the silkworm. A single silk filament reveals triangular in shape as

shown in Figure 3.

Figure-1.3: Structure of the raw silk fiber [5].

Silk filament is strong has low density and a property of being highly moisture absorbent.

Each silk fiber consists of at least two main proteins which are structural protein fibroin

and water- soluble glue-like sericin that bind the fibroin fibers together [5].

Silk fibroin (SF) is a natural fibrous protein with semi-crystalline structure which provides

stiffness and strength. SF filament consists of heavy (~350 kDa) and light chain (~25 kDa)

polypeptides connected by disulfide link [9].

Sericin is an amorphous protein polymer which acts as an adhesive binder to maintain

structural integrity of the fibers and the cocoon [1]. It is a complex mixture of 5-6
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polypeptides differing in size 40-400 kDa [7]. Silkworm silk must be degummed in order

to remove immunogenic sericin coating for biomedical applications.

Silk may contains of bulky amino acids such as glutamic acid, aspartic acid, proline and

valine [10]. These amino acids are responsible for the formation of the amorphous part of

the silk, which affects the physical properties of the silk with the crystalline region [11].

Table-1: Amino acid compositions in silk fiber extracted from mulberry silk (Bombyx mori)
(g/100 g of fiber) [5].

Silk fiber composes of 75-83% fibroin, 17-25 % sericin, 1.5 % waxes and 1-2 % others

such as hydrocarbon by weight [12].
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1.2. Silk Fibroin

Silk fibroin is a fibrous protein polymer obtained from the cocoons of domesticated

silkworms, such as Bombyx mori. Silk fibroin (SF) is amphiphilic because it is

characterized as hydrophobic crystalline region and hydrophilic amorphous region [13].

SF filaments consists of heavy chain polypeptides, approximately 325 kDa, and  light

chain polypeptides, approximately 25 kDa by a single disulfide bond [8]. The heavy chain

of SF is comprised of crystalline and amorphous regions. The crystalline region consists of

repetitive sequence that form of short side-chain amino acids such as glycine, serine and

alanine and the amorphous region consists of larger side-chain bulky amino acids as well

as charged amino acids [2].

Figure-1.4: Primary structure of fibroin [23].

The hydrophobic blocks tend to form anti-parallel β-sheet secondary structures or crystals

through hydrogen bonding and hydrophobic interactions, forming the basis for the tensile

strength of silk fibroin. These crystalline regions combine with the amorphous regions to

give elasticity and toughness of silk fibroin.

Figure-1.5: β-sheet structure of SF [24].
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Figure-1.6: α-helical structure of SF formed by intramolecular hydrogen bonds [25].

Due to its amino acid sequence, SF provides opportunities for chemical modification.

Polysaccharides are important group that used for modification of silk fibroin properties.

Alginate helps to improve the mechanical properties, compressive modulus as well as

water absorption of the silk fibroin [15]. Cellulose is used due to it is cheap, biodegradable

and moisture absorbent. Silk fibroin blended with cellulose has increased of its mechanical

strength since the cellulose enhanced the formation of hydrogen bonds resulted to increase

of β-sheet structures [16]. Chitosan used for improving the flexibility or hydrophilic of the

silk fibroin while the silk fibroin enhanced the mechanical properties and water insoluble

of the chitosan [17]. Mixing with the hyaluronic acid, the compressive modulus of silk

fibroin is increased [18].

1.3. Properties of SF
1.3.1 Mechanical Properties

Silk is very sophisticated biomaterial with its significant crystallinity, high elasticity,

strength and toughness and resistance to failure in compression. The arrangement of β-

sheet crystal, the interphase between the crystals, the semi-crystalline region and the shear

alignment of the molecular chains are the mechanical properties of silk. The β-sheet region

provides the tensile strength, the semi-crystalline region responsible for the elasticity [6]
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1.3.2. Solubility

Crystalline SF is insoluble in solvents such as water. To dissolve SF highly concentrated

salt solutions like lithium bromide, calcium chloride should be applied .These electrolyte

solutions disturb the hydrogen bonds that stabilize β-sheets. [5-6]

1.3.3. Swelling

The degree of swelling depends on the ionization of the network, its degree of crosslinking

and its hydrophilic / hydrophobic balance. Changes in polymer compositions can influence

the degree of swelling. [2, 6]

1.3.4. Degradation

Silk will lose its tensile strength within a year. The rate of degradation depends on the

tissue implantation site. Silk is considered biodegradable because it is resistant to bacterial

and enzymatic degradation [3,6]

1.4 Applications of SF- based materials

Silk is preferable for their strength, low immunogenicity and biocompatibility with other

biomaterials used for specific applications in both structural and biological functions.

Hydrogels of SF demonstrated to promote wound healing [4]. Electrospun silk fibers,

microspheres, or films or foams were used to support cell adhesion and proliferation of

many cells. Silk films are the applications for biocompatible coatings for biomedical

implants [14].

Coating biomedical implants with silk films shows potential their surfaces with

anticoagulant properties, or inhibit/promote cell adhesion [7].Silk has been also used as

anticoagulants for control release application [6].Microspheres coated with silk fibroin

have been applied for enzymes, drug and active molecule encapsulations and membrane-

permeation controlled [14]

Silk powder can be used for surface coating or treatment of fiber, fillers in films, ink,

wound care and enzyme immobilization [5].
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Figure-1.7 Silk-based biomaterials processed from silk solution (A),silk foam (B), silk scaffolds
and C), scanning electron microscope image of porous structure of scaffold (D),silk tube(E),
microsphere coated with silk layers (F), silk hydrogel (G), silk electrospun fibers (H), atomic
fluorescence microscopy image of single electrospun fi bers of silk (I), silk-based microspheres (J),
surface of silk films (K), and silk film (L) [13].

1.5. Silk Fibroin Nanoparticles

Nanoparticles may provide advanced biomedical research tools based on polymeric or

inorganic formulations or a combination of both. They have the potential to be used in

many different biological and medical applications as in diagnostic tests assays for early

detection of diseases, to serve as tools for non-invasive imaging and drug development,

and to be used as targeted drug delivery systems to minimize secondary systemic negative

effects.

Nanoparticles can be prepared from a variety of materials such as protein, polysaccharides

and synthetic polymers [20].The choice of materials depends on several factors including



8

(i) size and morphology of the nanoparticles;

(ii) surface charge and permeability of the nanoparticle;

(iii) degree of biodegradability, biocompatibility and cytotoxicity

1.5.1 Characterization of Nanoparticles

1.5.1.1 Particle Size

The particle sizes are between 1 and 100 nanometers. The nano size of the particles enables

conjugation with many molecular markers that can interact at molecular and cellular levels

[19].The particle size affects the drug release also. Smaller particles supply larger area

[20].That is means that most amount of drug can be loaded to the surface of the particles

cause fast drug release. As a drawback, smaller particles tend to aggregate during storage

and transportation of nanoparticle dispersion.

1.5.1.2. Particle Stability

Particle stability is an important factor and refers to the potential of measuring the surface

charge. Surface charges prevent the agglomeration of nanoparticles polymer dispersions

because of strong electrostatic repulsion that increase the stability of the nanoparticles [20].

1.5.1.3. Particle Structure

Nanoparticles are small particles with containing a core and monolayer.For drug delivery

applications the multiple polymer layers used to surround the core. In imaging applications

that use a basic structure contains an inorganic core and organic monolayer [19].
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Figure-1.8: Scheme of an iron-oxide nanoparticle. The superparamagnetic Fe3O4 core coated by a
SF shell.

Table -2: Silk Protein nanoparticles, preparation and application [20].

9
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1.5.2. Methods of Fabrication

1.5.2.1. Emulsification

Emulsification occurs on mixing an organic phase and an aqueous phase. This method can

be described as the dissolution of hydrophobic substances in an organic solvent which is

further emulsified with an aqueous solution at very high shear. After emulsification, the

organic solvent removed by evaporation [20].

1.5.2.2 Desolvation

This method involves slow addition of a desolvation factor, such as natural salts or alcohol,

to the protein solution. The desolvation factor changes the tertiary structure of protein.At a

specific level of desolvation, protein clup will be formed which on crosslinking with a

chemical substance results the nanoparticles [19-20]

Tablo-3: Schematic representation of nanoparticle preparation. (a) emulsification method, (b)

desolvation method [20].
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1.5.2.3 Coacervation

The coacervation method is similar to desolvation method,includes mixing of the aqueous

protein solution with organic solvent like acetone or ethanol.The difference of coacervation

and desolvation method depends on some parameters such as initial protein concentration,

temperature, pH, cross linker concentration, the molar ratio of protein/organic solvent and

organic solvent adding rate [19-20].

1.5.2.4 Electrospray Drying

The electrospraying method produces relatively monodisperse and biologically active

protein particles. This method involves preparation of protein solution by dissolving the

dry powder in an electrosprayable solution. Dispersion of the solution followed by solvent

evaporation leaves dry residues collected on suitable deposition substrates. Higher

production rate of the nanoparticles also increases their size. The biological activity of the

electrosprayed protein-based nanoparticles is not affected by the process conditions [19-

20]

Figure-1.9: Schematic preparation of SF nanoparticles and their biomedical applications [22].
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1.6 MRI Imaging Techniques

MRI is a useful problem-solving diagnostic tool in the clinical field because it has higher

spatial resolution and contrast in soft tissue than other imaging modalities. MRI is based on

the magnetism property of protons that align themselves in a very large magnetic field.

These protons originate from water molecules present in our body tissue. A radiofrequency

enerated at a particular frequency, known as the “resonance frequency,” can flip the spin of

a proton. When the electromagnetic field is turned off, the proton flips back to the original

state, generating a radiofrequency signal. This process is called “relaxation.” The receiver

coils measure this relaxation, which is turned into an image by a computer algorithm [21].

Figure-1.10: Hydrogen protons before and during the magnetic field [26].

MRI contrast agents are used to modify the relaxation rates at time T1 or T2. T1 contrast

agents, such as gadolinium, enhance the positive signal on T1-weighted images, while T2

agents, such as Superparamagnetic Iron Oxide Nanoparticle (SPION)-based contrast

agents, decrease the signal intensity on T2-weighted images.

1.6.1 Magnetic Properties

In the paramagnetic state, the individual atomic magnetic moments are randomly oriented,

and the substance has a zero net magnetic moment if there is no magnetic field. These

materials have a relative magnetic permeability greater than one and are attracted to

magnetic fields. The magnetic moment drops to zero when the applied field is removed.
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But in a ferromagnetic material, all the atomic moments are aligned even without an

external field. A ferrimagnetic material is similar to a ferromagnet but has two different

types of atoms with opposing magnetic moments. The material has a magnetic moment

because the opposing moments have different strengths. If they have the same magnitude,

the crystal isantiferromagnetic and possesses no net magnetic moment [22].

Superparamagnetism is refers to the single domain nature of the nanoparticle, which has a

net magnetic dipole. In a magnetic field, the magnetic domains of nanoparticles re-orient

themselves in a manner similar to paramagnetic materials, but the magnetic moment of

nanoparticles will be much higher than that of paramagnetic substances. In the absence of a

magnetic field, the dipole randomly orients with zero magnetic moment. Due to this

property, SPION have less chance of aggregation. The function of SPION in MRI contrast

enhancement is attributed to their ability to change the nuclear spin relaxation of water

protons and cause the region of interest to darken [21].

1.6.2 Nanoparticles as Contrast Agents

A contrast agent is a substance used to enhance the contrast of structures or fluids within

the body in medical imaging.

Magnetic nanoparticles (MNP) are composed of ferromagnetic elements such as

iron, cobalt, nickel, or their oxides and alloys. MNPs made of iron oxide (magnetite Fe3O4

or magnemite Fe2O3) and gadolinium used as contrast agents in MRI for biological

applications due to their ability to dissociate into iron and oxygen inside the body, which

can safely be eliminated and utilized in metabolic and oxygen transport systems [17].

SPION are used as an MRI contrast agent because the T2 relaxivity of a SPION-based

agent is much higher than that of gadolinium agents. The physiochemical properties of

SPION, such as charge, size, and surface chemistry, can influence biodistribution, stability,

and metabolism. By giving proper surface coating that are biocompatible and

biodegradable, SPION can avoid immune response and serum protein adsorption. Surface

charge is a major factor in determining the colloidal nature of nanoparticles, and it can

change size of nanoparticles by aggregation. Hence neutral surfaces are more

biocompatible than charged surfaces [21].
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A typical SPION is composed of magnetite (Fe3O4) or maghemite (Fe2O3), with

appropriate coatings to maintain aqueous stability. The SPION are synthesized by a wide

range of methods,including co-precipitation, thermal decomposition, and microemulsion.

Thermal decomposition for the synthesis of SPION is generally more popular as the

nanoparticles obtained this way possess high crystallinity, high magnetization, and

distribution. As the nanoparticles are hydrophobic, which is required to provide

appropriate coating for biomedical application. The co-precipitation method is the most

commonly accepted method for synthesizing SPION. It involves the addition of a

concentrated base to divalent or trivalent ferrous salt solutions. The microemulsion

technique has the advantage of controlling the size of nanoparticles by acting as a nano-

reactor. This technique involves the formation of SPION either by water-in-oil or oil-in-

water emulsion.

Table-4: Comparison of synthesis methods of magnetic nanoparticles [22].
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reactor. This technique involves the formation of SPION either by water-in-oil or oil-in-

water emulsion.

Table-4: Comparison of synthesis methods of magnetic nanoparticles [22].
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2. EXPERIMENTAL

2.1. Materials

Bombyx mori silkworm cocoons were supplied by North Cyprus villages. Sodium

carbonate (Na2CO3), Calcium chloride (CaCl2), Iron (III) oxide, Methanol (CH3OH),

Sodium chloride (NaCl), Potassium chloride (KCl), Hydrochloric acid (HCl), Sodium

hydroxide (NaOH), di-Sodium hydrogen phospahate dehydrate (Na2HPO4.2H2O),

Potassium dihydrogen phosphate (KH2PO4), Ethanol (C2H5OH) and Acetic acıd

(CH3COOH) were purchased from E.Merck D-6100 Darmstadt.Sodium triphosphate

pentabasic (TPP) was purchased from Sigma-Aldrich (St.Louis, MO, USA). Glyserine was

purchased from pharmacy. Ultrapure water-obtained from Near East University Medicine

Faculty-was used in all step to get silk fibroin.

2.2. Methods

2.2.1. Preparation of Sodium Carbonate Solution

2.12 g of Na2CO3 is stirred with 200 ml of pure water to get 0.1 M Na2CO3 solution to be

used in degumming process.

2.2.2 Preparation of TPP solution

To get 0.1 M TPP solution, 7.36 g TPP is stirred with 200 ml of pure water. It is used in

nanoparticle preparation process to make physical cross-linking.

2.2.3. Preparation of  PBS

Although there are different ways to prepare PBS, we used the following constituents:
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Salt Concentration Concentration

( — ) (mmol/L) (g/L)

NaCl 137 8.01

KCl 2.7 0.2

Na2HPO4.2 H2O 10 1.78

KH2PO4 2.0 0.27

pH 7.4 7.4

Table-5: Phosphate Buffer Saline Contents

After preparing the PBS solution the pH is adjusted to 7.4 by adding either HCl or NaOH

depending on the pH value when it was above or below 7.4.

2.2.4. Preparation of Acetic Acid Solution

For 0.5 M acetic acid solution, 5.72 ml pure glacial acetic acid was diluted by pure water to

200 ml. After that the pH is adjusted to1.2 by HCl or NaOH in order to pH value was

above or below 1.2.

2.2.5. Purification of Silk Fibroin

2.2.5.1. Degumming

Degumming is the process of removal and separation of the gum-like sericin protein from

the silkworm silk. In this process, firstly the Bombyx mori cocoons were cut into small

pieces and measured 0.9998 -1.0003 g and boiled for 3 hour in a aqueous solution of 0.1 M

Na2CO3, at 70 oC  on a magnetic stirrer at the speed of 1 rpm. Then the degummed silks

are washed and rinsed thoroughly with pure water to get rid of the gum-like sericin protein.

This procedure is continued three times and then they were dried at room temperature to

obtain silk fibers.
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Figure-2.1: Degumming process Figure- 2.2: Degummed Silk Fibers

2.2.5.2. Dissolution of Degummed Silk Fibers

Dissolution is the process of dissolving the silk fibers to have an aqueous form of silk

fibroin, the main principle is breaking down the long polypeptide chains into shorter chain

lengths to get the aqueous solution.This process is mixing the solution of CaCl2, C2H5OH,

H2O (1:2:8 mole ratio) and degummed silk fibers, at 75oC with continuous stirring until

total dissolution.

Figure- 2.3: Silk fibers dissolving in the electrolyte solution
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2.2.5.3. Dialysis

Dialysis is removal of the ions within the solution obtained from the dissolution step.

Electrolyte solution was dialyzed continuously for 72 h against running ultrapure water to

remove ions using a cellulose semi-permeable membrane (made of Carboxymethyl,

diameter: 2.7 cm).The liquid silk fibroin was stored to be used in nanoparticle preparation.

Figure-2.4: Dialysis System

2.2.6. Preparation of Silk Fibroin Nanoparticles

0.1 M TPP is used as a physical cross-linking environment for nanoparticles. Into 20 ml of

TPP, 3 ml SF was dropped helped by a syringe to create nanostructures. Another sample is

created by adding 1 ml Fe2O3-dissolved in concentrated HCl-solution for trying to obtain

nanoparticles as contrast material for imaging techniques. After this process, waited one

day and the beads were created.



19

Figure-2.5: Preparation of Silk Fibroin Nanoparticles

2.2.7. Preparation of Silk Fibroin- Iron (III) oxide Biofilms

Silk fibroin films were prepared by the mixing of 2 ml of silk fibroin, 0.0563 g glycerine

and 50µl Fe solution. Then the solution was placed on to smooth lams at room temperature

and constant humidity. After one day, dried with methanol to improve β-sheet crystallinity.

The silk films were washed with ultra pure water to remove methanol.
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3. RESULTS AND DISCUSSION

3.1.Creating Silk Fibroin and Silk Fibroin-Iron Nanoparticles

The aqueous SF was obtained 6% w/v SF/ (CaCl2: H2O: C2H5OH) electrolyte solution.

During the dialysis process the exact content of SF decreased to half of the original due to

water absorption of aqueous silk fibroin solution.

Iron (III) oxide is insoluble in neither in water nor organic solvent. It can be dissolved in

concentrated acids. That is why concentrated hydrochloric acid (HCl) is used to dissolve

iron (III) oxide.

Time Fe+3 TPP volume SF volume
SF

concentration

5 min

-

20 ml 3 ml 6 %

15 min
30 min
60 min

24 h
5 min

1 ml
15 min
30 min
60 min

24 h

Table-6: List of samples

Five samples were collected from each solution at different time intervals and their particle

sizes and shapes are detected under the electron microscope.
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Figure-3.1.: Normal SF drops after 5 minutes

Figure-3.2: Normal SF spheres after 15 minutes
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Figure-3.3: Normal SF spheres after 30 mins

Figure-3.4: Normal SF spheres after 60 mins

Figure-3.5.:Normal SF spheres after 24 hours
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1. 9.65 6. 11.7 11. 7.93

2. 8.43 7. 15.4 12. 5.75

3. 11.32 8. 1.66 13. 8.83

4. 18.41 9. 1.85 14. 9.78

5. 10.67 10. 9.46 15. 6.58

Table -7: Randomly selected 15 SF particles with average diameter 9.16µm and standard deviation

19.195 µm in 232.63 cm2 (17.65 cm x 13.18 cm) area after 5 minutes

1. 0.5 11. 0.06 21. 0.3 31. 0.2 41. 0.1

2. 0.3 12. 0.2 22. 0.2 32. 0.16 42. 0.16

3. 0.5 13. 0.1 23. 0.1 33. 0.08 43. 0.16

4. 0.3 14. 0.16 24. 0.16 34. 0.1 44. 0.1

5. 0.27 15. 0.06 25. 0.2 35. 0.16 45. 0.1

6. 0.16 16. 0.3 26. 0.1 36. 0.2 46. 0.06

7. 0.1 17. 0.1 27. 0.1 37. 0.2 47. 0.04

8. 0.06 18. 0.16 28. 0.16 38. 0.1 48. 0.04

9. 0.2 19. 0.1 29. 0.1 39. 0.06 49. 0.04

10. 0.16 20. 0.1 30. 0.2 40. 0.27 50. 0.06

Table -8: Randomly selected 50 SF particles with average diameter 0.158µm and  standard

deviation 0.0104 µm in 218.51 cm2 (17.65 x 12.38) area after 15 minutes

1. 0.7 11. 0.07 21. 0.07 31. 0.48 41. 0.18

2. 0.96 12. 0.07 22. 0.07 32. 0.07 42. 0.29

3. 0.77 13. 0.07 23. 0.11 33. 0.4 43. 0.17

4. 0.59 14. 0.18 24. 0.77 34. 0.17 44. 0.17

5. 0.29 15. 0.4 25. 0.59 35. 0.17 45. 0.4

6. 0.29 16. 0.29 26. 0.7 36. 0.18 46. 0.18

7. 0.4 17. 0.29 27. 0.21 37. 0.11 47. 0.11

8. 0.07 18. 0.05 28. 0.29 38. 0.07 48. 0.17

9. 0.07 19. 0.11 29. 0.29 39. 0.07 49. 0.07

10. 0.07 20. 0.11 30. 0.11 40. 0.17 50. 0.07

Table- 9: Randomly selected 50 SF particles with average diameter 0.25µm and standard deviation

0.05 µm  in 296.55 cm2 (22.23 x 13.34) area after 30 minutes
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1. 0.5 11. 0.5 21. 0.6 31. 0.3 41. 0.3

2. 0.8 12. 0.8 22. 0.4 32. 0.3 42. 0.2

3. 0.8 13. 1.1 23. 0.3 33. 0.2 43. 0.3

4. 1.1 14. 0.5 24. 0.2 34. 0.2 44. 0.2

5. 1.1 15. 0.3 25. 0.5 35. 0.3 45. 0.4

6. 1.1 16. 0.2 26. 0.8 36. 0.4 46. 0.6

7. 0.8 17. 0.4 27. 1.1 37. 0.5 47. 0.5

8. 0.5 18. 0.5 28. 1.3 38. 0.6 48. 0.3

9. 0.3 19. 0.8 29. 0.8 39. 0.4 49. 0.8

10. 0.8 20. 0.6 30. 0.5 40. 0.8 50. 1.1

Table-10: Randomly selected 50 SF particles with average diameter 0.574µm and standard

deviation 0.09 µm in 427.03 cm2 (26.54 x16.09) area after 60 minutes

1. 0.8 11. 1.1 21. 0.5

2. 0.5 12. 0.8 22. 0.4

3. 0.5 13. 0.5 23. 0.3

4. 0.8 14. 0.5 24. 0.4

5. 0.8 15. 0.3 25. 0.3

6. 1.1 16. 0.5 26. 0.5

7. 0.5 17. 0.8 27. 0.3

8. 0.5 18. 0.8 28. 0.4

9. 0.5 19. 0.5 29. 0.4

10. 0.8 20. 0.8 30. 0.3

Table-11: Randomly selected 30 SF particles with average diameter 0.573µm and  in standard

deviation 0.052 µm in 434.6 cm2 (26.5 x 16.4) area after 24 hours
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Figure-3.6: Fe+3 added SF particles after 5 minutes

Figure-3.7: Fe+3 added SF particles after 15 minutes

Figure-3.8: Fe+2 added SF particles after 30 minutes
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Figure-3.9: Fe+3 added SF particles after 60 minutes

Figure-3.10: Fe+3 added SF particles after 24 hours

1. 4.2 6. 12.3 11. 3.03

2. 3.18 7. 8.19 12. 1.44

3. 8.9 8. 1.92 13. 2.94

4. 2.55 9. 5.64 14. 2.31

5. 10.17 10. 1.74 15. 2.46

Table-12: Randomly selected 15 SF and Fe+3 particles with average diameter 4.7 µm and

Standard deviation 12.09 µm in 503.22 cm2(15.77x31.91) area after 5 minutes
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1. 5.26 6. 1.56 11. 13.91

2. 4.4 7. 3.44 12. 1.83

3. 12.08 8. 5.42 13. 2.26

4. 6.55 9. 1.83 14. 6.39

5. 1.72 10. 3.28 15. 3.11

Table-13: Randomly selected 15 SF and Fe+2 particles with average diameter 4.87 µm and

Standard deviation 13.85 µm in 443.25 cm2(16.67x26.59) area after 15 minutes

1. 6.2 6. 2.38 11. 4.62

2. 3.19 7. 1.53 12. 8.23

3. 2.38 8. 2.25 13. 4.85

4. 6.87 9. 3.19 14. 1.53

5. 2.51 10. 8.89 15. 9.25

Table-14: Randomly selected 15 SF and Fe+2 particles with average diameter 4.52 µm and

Standard deviation 7.38 µm in 433.72 cm2(16.51x26.27) area after 30 minutes

1. 1.9 6. 9.92 11. 1.72

2. 9.27 7. 1.73 12. 6.29

3. 6.5 8. 3.15 13. 2.49

4. 2.85 9. 2.67 14. 7.54

5. 1.9 10. 2.38 15. 1.54

Table-15: Randomly selected 15 SF and Fe+2 particles with average diameter 4.123 µm

and Standard deviation 8.60µm in 431.31 cm2 (16.35x26.38) area after 60 minutes
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1. 1.86 6. 0.98 11. 1.58

2. 2.1 7. 3.22 12. 0.98

3. 2.47 8. 1.22 13. 2.7

4. 0.98 9. 1.58 14. 1.35

5. 2.47 10. 1.35 15. 1.72

Table-16: Randomly selected 15 SF and Fe+2 particles with average diameter 1.77 µm and

Standard deviation 0.47µm in 435.88 cm2 (16.43x26.53) area after 24 hours

It can be seen that the particles of normal SF are spherical without apparent aggregation or

adhesion at the beginning. This was caused by the amphiphilic property of silk fibroin in

the aqueous TPP environment.

Particle sizes show that the SF particles were quite homogeneous varied from 0.04µm-

1.1µm. It can be seen that the particle size is getting smaller and the particles started to

have a chain structure due to passed time.

The Fe+3 added SF particles could not have the regular spherical structure. That is why the

concentrated HCl that is used to dissolve iron (III) oxide most probably increases the

acidity level of SF and damage the SF morphology. Instead of not being in uniform shape,

the particle size was getting smaller after a day.
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3.2. Creating Silk Fibroin and Silk Fibroin-Iron Biofilms

One biofilm sample created by SF and Glys.Glys was added in order to increase the

elasticity of biofilms for the purpose of being control group of biofilm experiments. For the

other samples Fe solution was added.

After the biofilms were created they were examined for their swelling properties in the

PBS and ABS solutions.

The swelling ratios were calculated by using:

	% = 	 ( )( ) 	 × 100	% Eq (1)

Where weight(x) is the pieces of biofilms that measured at any given time and the

weight(dry) is the weight of the biofilm pieces in their dry state.

3.2.1. Swelling Test for SF based biofilms in PBS solution at pH7.4

Biofilms Proportions Weight in dry state

SF+Glys 2mL+0.0563gr 0.0073 g

SF+Glys+Fe₂O₃ 2mL+0,0563 gr+50µL 0.0058 g

Table-17: Properties of SF, SF and Fe biofilms which were used in PBS swelling test
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Time (Minutes) SF+Glys

Weight(g)

SF + Glys + Fe2O3

Weight(g)

5 0.0119 0.0031

10 0.0119 0.0026

15 0.0124 0.0031

20 0.0131 0.0031

25 0.0114 0.0022

40 0.0128 0.0025

55 0.0121 0.0022

70 0.0120 0.0017

85 0.0115 0.0011

115 0.0123 0.0007

175 0.0127 0.0009

235 0.0119 0.0010

295 0.0117 0.0011

1735 0.0126 0.0016

3175 0.0127 0.0005

Table-18:The weight results of Sf, SF and Fe biofilms in PBS at pH 7.4

The swelling ratios of the measured values in Table18 can be calculated by applying Eq (1)
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Time (Minutes) SF+Glys

( %)

SF + Glys + Fe2O3

(%)

5 63.01 47.62

10 63.01 23.80

15 69.86 47.62

20 79.45 47.62

25 56.16 4.76

40 75.34 19.04

55 65.75 4.76

70 64.38 -19.04

85 57.53 -47.62

115 68.49 -66.67

175 73.97 -57.38

235 63.01 -52.38

295 60.27 -47.62

1735 72.60 -71.43

3175 73.97 -76.19

Table-19: The swelling ratios of SF, SF and Fe biofilms in PBS at pH 7.4

Figure-3.11: Swelling ratios of SF biofilms in PBS at pH 7.4
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In the Figure 3.11, firstly the swelling ratio remains stable than begins increasing to the
maximum value. After 20 minutes the swelling potential starts to decrease and increase
that states the SF biofilms swell and collapse at the basic pH 7.4

Figure-3.12: Swelling ratios of SF and Fe biofilms in PBS at pH 7.

The Figure 3.12 represents the behaviour of SF and Fe2O3 biofilms at the basic pH. As
seen in the graphic, firstly swelling potential remains stable than starts to decrease. This
decreasing can be caused from the decomposition of the films in the basic environment.

3.2.2. Swelling Test for SF based biofilms in ABS solution at pH 1.2

Biofilms Proportions Weight in dry state

SF+Glys 2mL+0.0563g 0.0097 g

SF+Glys+Fe₂O₃ 2mL+0,0563 gr+50µL 0.0011 g

Table-20: Properties of SF, SF and Fe biofilms which were used in ABS swelling test
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Table-21:The weight results of SF, SF and Fe biofilms in ABS at pH 1.2

The swelling ratios of the measured values in Table21 can be calculated by applying Eq.

(1)

Time

(minutes)

SF+Glys

Weight (g)

SF+Glys+Fe₂O₃

Weight (g)

5 0.0154 0.0017

10 0.0153 0.0019

15 0.0197 0.0013

20 0.0164 0.0014

25 0.0174 0.0016

40 0.0150 0.0006

55 0.0156 0.0012

70 0.0143 0.0008

130 0.0150 0.0006

190 0.0165 0.0004

250 0.0166 0.0005

1690 0.148 0.0007

3130 0.0140 0.0004
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Table-22: The swelling ratios of SF,SF and Fe biofilms in PBS at pH 1.2

Figure-3.13: Swelling ratios of SF biofilms in ABS at pH 1.2
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Time(minutes) SF+Glys (%) SF+Glys+Fe₂O₃(%)

5 58.76 54.54

10 57.73 72.72

15 103.09 18.18

20 69.07 27.27

25 79.38 45.45

40 54.64 -45.45

55 60.82 9.09

70 47.42 -27.27

130 54.64 -45.45

190 70.10 -63.63

250 71.13 -54.54

1690 52.58 -36.36

3130 44.32 -63.63
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Figure-3.13 shows the swelling potential of SF biofilms at the acidic pH. The swelling

ratio decreases a little at first then begins to increase to the maximum value and decrease

again. This shows the SF biofilms swell and collapse continuously in the acidic

circumstances.

Figure-3.14: Swelling ratios of SF and Fe biofilms in ABS at pH 1.2

This graphic represents the acidic behaviour of SF and Fe2O3 biofilms. It can be seen from

the graphic the swelling ratio of biofilm increases to the maximum value after 10 minutes.

Then stars to decrease and increase as the films swell and collapse. After 70 minutes the

Fe2O3 contained biofilm has negative swelling ratio as a result of losing in weight in order

to be breaking down and starting to dissolve in the acidic environment.
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3.3. Antimicrobial Activity

Antimicrobial activity is the sensitivity of bacteria to the antibiotics. The antimicrobial

activity of a material based on the behaviour of allowing or inhibiting the bacterial growth.

Although there are different methods to test the antimicrobial activity, in this experiment

the Kirby-Bauer method which is based on the diffusion of antibiotics through a small disc.

This method states that if a material has antimicrobial effect, it kills the bacteria and a clear

ring called zone of inhibition occurs around the disc as shown in the Figure 3.15.

Figure-3.15: Positive-negative control of bacterial test

In the antimicrobial activity experiments, firstly agar was poured into the petri dishes to

supply the microbiological growth medium at the pH level 7.2-7.4. Then 100 µl E.coli

bacteria were added to medium. The disc was placed in the middle of the medium then the

samples were applied to disc to be diffused. Only liquid SF was applied to disc, however

the SF particles and SF biofilms were put in the medium without disc. Then samples

incubated overnight at 37oC.
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Figure-3.16: SF biofilms Figure-3.17: SF particles

Figure-3.18: Liquid SF 40µl Figure-3.19: Liquid SF 80µl

The experiments prove that silk fibroin has bactericidal property which is mean have
bacteria killing behaviour. The effect of bacteria killing is increased as the amount of SF is
increased.

The SF particles have also bactericidal behaviour. There was a clear zone around the
particles. However, the SF biofilm has no bactericidal property but has bacteriostatic
behaviour that is preventing the bacteria from growing so the immune system can
overcome bacteria.
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4. CONCLUSION

Silk fibroin is a versatile biomaterial that can be prepared in various forms and shapes. The

biocompatibility, biodegradability and the mechanical properties of silk fibroin are the

important factors for selecting as biomaterial.

In this study silk fibroin based biomaterials were created such as nanoparticles and

biofilms include iron ion.  Beside the dimentions and the antimicrobial activity of particles,

the swelling potential of the biofilms were also be examined.

 Nanoparticle size plays a critical role in maintaining the magnetic properties and

the rate of internalization by the target cells. An optimum nanoparticle size should

be between 10 to 100 nm to prevent the removal of nanoparticles from circulation

and enables them to pass through small capillaries.

 However, in our experiments the particle sizes show that the SF particles were quite

homogeneous varied from 0.04µm- 1.1µm. It can be seen that the particle size is

getting smaller and the particles started to have a chain structure due to passed

time.

 The Fe+3 added SF particles could not have the regular spherical structure. That is

why the concentrated HCl that is used to dissolve iron (III) oxide most probably

increases the acidity level of SF and damage the SF morphology. Instead of not

being in uniform shape, the particle size was getting smaller after a day.

 From the swelling test graphics and observations of the silk fibroin, silk fibroin iron

(III) oxide biofilms. Generally it can be said that silk fibroin biofilms behave like

an intelligent biomaterial by swelling and collapsing in both acidic and basic

circumstances.

 By the graphics and the measurements of silk fibroin iron (III) oxide biofilms, it

observed that these biofilms dissolves at both acidic and basic pH. This shows their

biodegradability and biocompatibility behaviour. The decomposition rate of iron

ion included biofilms is high compared to the normal silk fibroin biofilms. That is

why these films can be used as capsules for drugs or used as soluble plasters for the

treatments of herpes and mouth wounds.

 The antimicrobial experiments prove that silk fibroin has bactericidal property
which is mean have bacteria killing behaviour. The effect of bacteria killing is
increased as the amount of SF is increased.
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 The SF particles have also bactericidal behaviour. There was a clear zone around
the particles. However, the SF biofilm has no bactericidal property but has
bacteriostatic behaviour that is preventing the bacteria from growing so the immune
system can overcome bacteria.
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