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Abstract. 
Silk fibroin has a unique and useful combination of properties, including good biocompatibility and excellent mechanical performance. These features provided early clues to the utility of regenerated silk fibroin as a scaffold/matrix for tissue engineering. The silk fibroin scaffolds used for tissue engineering should degrade at a rate that matches the tissue growth rate. The relationship between secondary structure and biodegradation behavior of silk fibroin scaffolds was investigated in this study. Scaffolds with different secondary structure were prepared by controlling the freezing temperature and by treatment with carbodiimide or ethanol. The quantitative proportions of each secondary structure were obtained by Fourier transform infrared spectroscopy (FTIR), and each sample was then degraded in vitro with collagenase IA for 18 days. The results show that a high content of β-sheet structure leads to a low degradation rate. The random coil region in the silk fibroin material is degraded, whereas the crystal region remains stable and the amount of β-sheet structure increases during incubation. The results demonstrate that it is possible to control the degradation rate of a silk fibroin scaffold by controlling the content of β-sheet structure.
 

1. Introduction
Silk fibroin is a natural protein produced by the domestic silkworm Bombyx mori, which is composed of a heavy-chain (H-chain, 350 kDa), light-chain (L-chain, 25 kDa), and an accessory protein (30 kDa). The amino acid composition of silk fibroin from Bombyx mori consists primarily of glycine, alanine, and serine [1, 2]. The three simple amino acids form the crystalline regions of silk fibroin, while the amino acids with bulky and polar side chains form the amorphous regions [3]. The silk polymorphs include silk I, silk II, and an air/water assembled interfacial silk III [1, 4]. The molecular conformation of silk II is antiparallel β-sheet structure. 
Silk fibroin has been used for centuries in production of textiles and clinical sutures [5]. Silk fibroin materials can support the attachment, proliferation, and differentiation of primary cells and cell lines [6–8] and is easily prepared as films [9], porous scaffolds [10], gels [11], and mats [12]. The impressive cytocompatibility and malleability of SF materials make silk a popular starting material for tissue engineering scaffolds used in skin, bone, blood vessel, ligament, and nerve tissue regeneration [13–15].
An ideal tissue engineering scaffold is nonimmunogenic and nontoxic but is biocompatible and supports cell adhesion, proliferation, and differentiation. In particular, the material should be biodegradable in vivo and degradation products should be nontoxic and easily cleared from the body [16]. It is important that scaffolds used for tissue engineering should degrade at a rate that matches the rate of tissue growth [17]. Recently, based on the importance of degradation for biomaterial applications in tissue engineering, the degradation behavior of silk fibroin materials has been well studied [3, 10, 18, 19]. The rate and extent of degradation may be highly variable, depending on a series of factors related to the properties of scaffolds, processing conditions, as well as the chemical and biochemical environment of the site of implantation [20]. These results highlight that silk fibroin biomaterials are biodegradable, and the degradation behaviors could be regulated. However, how to control the degradation rate of silk fibroin material is not clear.
Here, scaffolds with different secondary structures were prepared by controlling the freezing temperature and by treatment with carbodiimide (EDC) or ethanol. The relationship between secondary structure and enzymatic biodegradation behavior of silk fibroin scaffolds was investigated in the present study. It will become more predictable to control the degradability of silk-based materials according to the requirements of various tissue regenerations.
2. Materials and Methods
2.1. Preparation of Silk Fibroin Aqueous Solution
Raw B. mori silk consists of two kinds of proteins, fibroin and sericin. To remove sericin, silk was treated three times with 0.05 (wt%) Na2CO3 for 30 min at 98–100°C. The pure fibroin fibers were dissolved in CaCl2/CH3CH2OH/H2O (molar ratio 1 : 2 : 8) at 72 ± 2°C with stirring. The solution was filtered and dialyzed against distilled water for 4 days to obtain a solution of silk fibroin. 
2.2. Preparation of Silk Fibroin Scaffolds
Four groups of porous silk fibroin scaffolds were prepared. Group A: a sample of 3 (wt%) silk fibroin solution was placed into metal vessels (~2 mm) and frozen at −7°C for >5 days then dried in a freeze-dryer (Genesis 25-LE, Virtis) for 48 h. Group B: an aliquot of ethyl oxide ester was added as a cross-linking agent to a 3 (wt%) silk fibroin solution and stirred slowly for 2 h at 70°C. After vacuum defoaming, the silk fibroin solution was frozen at −40°C for 6 h then freeze-dried for 48 h. Group C: group B material was kept at room temperature for >1 day then immersed in EDC/NHS/MES (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxysuccinimide/2-morpholinoethanesulfonic acid, 40/20/50 mM) for 24 h. The silk fibroin was taken out and immersed in distilled water for 24 h then freeze-dried again for 48 h. Group D: group B material was kept at room temperature for >1 day then soaked in 75% ethanol for 2 h. The silk fibroin was taken out and immersed in distilled water for 24 h then freeze-dried for 48 h.
2.3. The Silk Fibroin Scaffolds In Vitro Degradation
Silk fibroin scaffold from each group was cut into 3 cm × 3 cm squares and weighed. The fibroin squares were then immersed in 0.05 M PBS (pH 7.0) at 37°C for 48 h to eliminate non-crosslinked silk fibroin. A portion of the samples was dried at 105°C to calculate the weight of samples as initial mass. Each fibroin square was incubated in 1.0 U/mL collagenase IA (Sigma, USA) dissolved in 0.05 M PBS (pH 7.0) at 37°C. After 1, 3, 6, 12, and 18 days, at least three of the fibroin squares were removed, and the enzyme containing the degradation products was replaced with freshly prepared enzyme solution. Samples were immersed in 0.05 M PBS (no enzyme) as controls.
2.4. Scanning Electron Microscopy (SEM)
The appearance of samples after degradation with collagenase IA for different lengths of time was examined with a Hitachi S-570 scanning electron microscope.
2.5. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra of the nondegradable scaffolds and the freeze-dried products after degradation were obtained with a Nicolet Avatar-IR 360 spectrometer. From 1595 to 1720 cm−1 of the amide I spectrum was selected to make the AB transformation and baseline modulation with OPUS 6.5 software, then peak-differentiation imitated with PeakFit v4.12 software to obtain the percentage composition of different secondary structures in the silk fibroin material.
2.6. Amino Acid Analysis
After degradation with collagenase IA, the residual fibroin scaffolds were hydrolyzed in 6 M HCl at 110°C for 18 h. An amino acid analyzer (Hitachi model 835-50) was used to determine the identity and quantity of amino acids in the hydrolyzed products. The degradation products of the silk fibroin scaffold were applied directly (without hydrolysis) to an amino acid analyzer to determine the free amino acids.
3. Results and Discussion
3.1. Secondary Structure of Fibroin Scaffold
Figure 1 shows the situation before degradation. Group A (curve A) is characterized by absorption bands at ~1656 cm−1 (amide I), ~1538 cm−1 (amide II), ~1232 cm−1 (amide III), and ~674 cm−1 (amide V), indicating that the secondary structure of the scaffold is mainly random coil and α-helix; the percentage composition of calculated β-sheet is 25.65% (Table 1) with similar peak-differentiation which shows that before degradation. Group B (curve B) is characterized by absorption bands at ~1650 cm−1 (amide I), ~1540 cm−1 (amide II), ~1235 cm−1 (amide III), and ~669 cm−1 (amide V), indicating that the secondary structure of the scaffold is mainly random coil and α-helix; the quantitative proportion of β-sheet is 28.34%. Group C (curve C) is characterized by absorption bands at ~1627 cm−1 (amide I), ~1525 cm−1 (amide II), ~1230 cm−1 (amide III), and ~700 cm−1 (amide V), which indicates the content of β-sheet is high (~ 34.30%). Group D (curve D) is characterized by absorption bands at ~1623 cm−1 (amide I), ~1530 cm−1 (amide II), ~1230 cm−1 (amide III), and ~700 cm−1 (amide V), indicating the content of β-sheet is highest in this group (~39.94%). The content of β-sheet is in the order D > C > B > A as determined through qualitative analysis and quantitative calculation of the FTIR spectrum of four groups of porous silk fibroin scaffolds.
Table 1: Relative content of secondary structure of four groups of silk fibroin scaffolds before degradation (%).
	

	Groups	A	B	C	D
	

	Side chain	3.79	3.44	4.69	5.35
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-sheet	25.65	28.34	34.30	39.94
	Random coil	18.28	22.67	21.15	18.15
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-form	17.56	10.37	10.54	9.45
	Turns	34.72	35.18	29.33	27.11
	





	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	


	
	
	



	


	


	


	


	
	
	
	



	


	


	


	
	
	


	
	
	
	



	
	
	
	


	
	
	
	


	
	
	
	


	


	
	
	
	


	
	
	












	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 1: FTIR spectra of four groups of silk fibroin scaffold before degradation.


3.2. Structure Changes in Silk Fibroin Scaffold during Enzymatic Degradation
Figure 2 curves B and C show that, after collagenase IA-induced degradation of group B scaffold, absorption bands at 1627 cm−1 (amide I), 1525 cm−1 (amide II) and 698 cm−1 (amide V) appeared in the FTIR spectrum. According to Table 2, group B was degraded after 6 days, during which time the content of random coil decreased from 22.67 to 20.99% and the content of β-sheet increased from 28.34 to 34.57%. After 18 days, the content of random coil was reduced to 16.90%, whereas the content of β-sheet was increased to 39.26% in the residual fibroin scaffolds. These results indicate that collagenase IA is more aggressive toward the random coil region than the β-sheet structure region of fibroin. The β-sheet structure region of silk fibroin, according to the macromolecular chains arrangement rule, is highly resistant to protease attack.
Table 2: Relative content of secondary structure of group B porous silk fibroin scaffold during degradation (%).
	

	Degradation time/day	0 d	6 d	18 d
	

	Side chain	3.44	4.77	6.08
	
	
		
			

				𝛽
			

		
	
-sheet	28.34	34.57	39.26
	Random coil	22.67	20.99	16.90
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-form	10.37	9.80	9.40
	Turns	35.18	29.87	28.35
	





	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	


	
	
	



	


	


	


	
	
	
	


	
	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	



	


	


	











	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 2: FTIR spectra of group B of porous silk fibroin scaffold incubated with collagenase IA for A, 0 day; B, 6 days; C, 18 days.


3.3. Amino Acid Analysis of Silk Fibroin Degradation Products
With degradation by collagenase IA for increasing lengths of time, the amounts of Asp, Thr, Ile, Leu, Phe, Arg, and Pro in residual fibroin scaffold are low, and there are large quantities of free amino acids (Tyr, Phe, Gly, Ser, Thr, Ala,Val, and Lys) in the degradation products from silk fibroin scaffolds. These free amino acids were found mainly in the random coil region of silk fibroin, further illustrating the priority of collagenase IA to attack the region of random coil structure of silk fibroin materials and the ability of the β-sheet structure region to resist enzymatic degradation. This confirms that collagenase IA has powerful ability to degrade silk fibroin, which can be hydrolyzed to free amino acids. 
3.4. Morphologic Changes
The degradation of each group of silk fibroin material for different lengths of time with collagenase IA after was examined by SEM (Figure 3). Groups A and B silk fibroin could not retain the original form and collapsed after 6 days with total loss of the pore structure. Group C fibroin scaffold collapsed partially, and the difference is more marked after 18 days. The internal pores in the groups A–C silk fibroin scaffolds of all collapsed and to the most serious degree in group A. By contrast, the pore structure remained regular in the group D fibroin scaffold. The results obtained by SEM showed that the high content of β-sheet structure was associated with a low degradation rate.


	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
					
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	

Figure 3: SEM images of four groups of porous silk fibroin scaffolds after degradation for 0 day (A0, B0, C0, D0), 6 days (A6, B6, C6, D6), 18 days (A18, B18, C18, D18) (scale bar = 500 μm).


3.5. Mass Loss
The content of β-sheet in the four groups decreases in the order D > C > B > A. Figure 4 shows the mass of the four groups of silk fibroin scaffolds is reduced by collagenase IA-induced degradation after 1 day but the difference is not significant. The difference of mass loss between the four groups increased gradually in the next 17 days. After 18 days, the mass of group D silk fibroin scaffold was reduced by only 7.59%, whereas the mass of group B silk fibroin scaffold without treatment with ethanol was reduced by 50.42%. The mass of the group B fibroin is much larger than that of group D, indicating that the content of β-sheet structure in silk fibroin is high and that silk fibroin is not degraded easily by collagenase IA. Water is a very good system for the formation of hydrogen bonds, which are in competition with the hydrogen bonds of the silk fibroin structure. The following sequence of events occurs when the silk fibroin scaffold is immersed in aqueous ethanol. First, water expands the amorphous region of the protein owing to the interruption of hydrogen bonds. Then, ethanol penetrates the swollen region, generating a hydrophobic environment and making the hydrophobic molecule chain segments in the random coils of silk fibroin approach each other more closely and form a crystal nucleus. Finally, a stable β-sheet structure is formed by growth of the crystal nucleus and rearrangement of hydrogen bonds. The weight of group C fibroin decreased by 30.49% and the mass loss was between group B and group D, indicating that the porous silk fibroin scaffold could be degraded by treatment with EDC, but the effect was less than that following treatment with ethanol. Loss of weight of the porous silk fibroin scaffold was greatest, up to 78.34%, in group A. The resistibility of the porous silk fibroin scaffolds to enzyme is significantly different due to the differences of secondary structure of the scaffolds prepared by varying the freezing temperature and by treatment with carbodiimide or ethanol.































	








	














	








	














	
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	




	
		
	





	
		
	




	
		
	





	
		
	


	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	

Figure 4: Weight change of the four groups of porous silk fibroin scaffolds during enzymatic degradation.


4. Conclusions
In this study, four groups of porous B. mori silk fibroin scaffolds were prepared with different secondary structure by freeze-drying to investigate the degradation behavior by enzymatic experiments. The high content of β-sheet structure in the porous scaffold was associated with a slow rate of degradation. Owing to the preference of the protease to attack the random coil region of silk fibroin, the content of random coil was relatively decreased, whereas the content of β-sheet structure was relatively increased during incubation. It is possible to control the degradation rate of the silk fibroin scaffolds by controlling the β-sheet structure content for a specific tissue engineering application. 
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