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Abstract: The native extracellular matrix (ECM) is composed of a cross-linked porous 

network of multifibril collagens and glycosaminoglycans. Nanofibrous scaffolds of  

silk fibroin (SF) and hydroxybutyl chitosan (HBC) blends were fabricated using  

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and trifluoroacetic acid (TFA) as solvents to 

biomimic the native ECM via electrospinning. Scanning electronic microscope (SEM) 

showed that relatively uniform nanofibers could be obtained when 12% SF was blended 

with 6% HBC at the weight ratio of 50:50. Meanwhile, the average nanofibrous diameter 

increased when the content of HBC in SF/HBC blends was raised from 20% to 100%. 

Fourier transform infrared spectra (FTIR) and 
13

C nuclear magnetic resonance (NMR) 

showed SF and HBC molecules existed in hydrogen bonding interactions but HBC did not 

induce conformation of SF transforming from random coil form to β-sheet structure. X-ray 

diffraction (XRD) confirmed the different structure of SF/HBC blended nanofibers from 

both SF and HBC. Thermogravimetry-Differential thermogravimetry (TG-DTG) results 

demonstrated that the thermal stability of SF/HBC blend nanofibrous scaffolds was 

improved. The results indicated that the rearrangement of HBC and SF molecular chain 

formed a new structure due to stronger hydrogen bonding between SF and HBC. These 

electrospun SF/HBC blended nanofibers may provide an ideal tissue engineering scaffold 

and wound dressing. 
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1. Introduction  

One of the main challenges in tissue engineering (TE) scaffolds is to design and fabricate 

customizable biodegradable polymeric matrices that mimic the structure and biological functions of 

the natural extracellular matrix (ECM) [1]. The native ECM is composed of a cross-linked porous 

network of multifibril collagens with diameters ranging from 50–500 nm and embedded in 

glycosaminoglycans [2–4]. Silk Fibroin (SF) is a main component of silk worm silk, also an attractive 

natural fibrous protein for biomedical applications due to its unique properties, including good 

biocompatibility, good oxygen and water vapor permeability, and biodegradability, low inflammatory 

response, high tensile strength [5,6]. Silk fibroin has been fabricated as cast films, hydrogels, 

electrospun nonwoven mats and porous sponges, all of which are widely used for drug delivery, wound 

dressing and tissue engineering scaffolds [7–10]. Chitosan is a basic natural polysaccharide derived 

from chitin, which is the second most abundant natural polysaccharide after cellulose. Chitosan has 

also been widely applied for pharmaceutical and medical fields due to good biocompatibility, 

biodegradability and various biofunctionalities, including antithrombogenic, hemostaticimmunity 

enhancing, and wound-healing properties [11–14]. Recently, silk fibroin and chitosan blends have 

been widely studied as biomaterials in tissue engineering fields to further biomimic components of the 

native ECM, which have been generally prepared as porous sponges and patches [15,16]. However, 

biomimic non-woven scaffolds generated by electrospinning have been composed of a large network 

of interconnected fibers and pores, resembling the topographic features of the ECM [17]. The 

electrospun nanofibers of silk fibroin and chitosan blends are expected to better biomimic the ECM of 

native tissues. HBC is fabricated by conjugation of hydroxybutyl (HB) groups to the hydroxyl and 

amino reactive sites of chitosan. This modification could increase the solubility of chitosan in water or 

organic solution and electrospinability of chitosan [18],
 
while still remain excellent properties of 

chitosan [19,20]. 

The miscibility of its component was critical to the properties of blends. Miscibility in polymer 

blends is attributed to specific interactions between polymeric components, which are hydrogen bond, 

ionic and dipole, p-electrons and charge-transfer blend [21]. However, most polymer blends were 

immiscible due to the absence of molecular interaction. Some reports showed that chitosan could 

influence physicochemical and biomedical properties of silk fibroin and form a new hydrogen bonding 

between silk fibroin and chitosan. Meanwhile, chitosan could induce conformation of SF transforming 

from random coil form to β-sheet structure according to the strong hydrogen bond between CS and  

SF [22]. On the other hand, more researchers reported that silk fibroin and chitosan blends showed 

random coil structure of fibroin and transformation to β-sheet structure after treatment by  

methanol [15,23]. However, these studies were mainly performed in silk fibroin blended casting films 

or porous sponges. Intermolecular interactions in electrospun silk fibroin-chitosan nanofibers have not 

been systematically investigated, especially for electrospun SF and HBC blend. In the present study, 

SF/HBC blended nanofibers were fabricated and intermolecular interaction between SF and HBC were 
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studied, thus developing a new kind of scaffold to biomimic the structure and components for tissue 

engineering or of functional biomaterials.  

2. Results and Discussion 

2.1. Morphology of SF/HBC Nanofibers 

In the electrospinning process, HFIP could dissolve SF but not HBC. In order to improve HBC 

dissolubility, a mixture of HFIP and TFA with volume ratio of 90:10 was selected as an appropriate 

solvent for electrospinning of HBC. Meanwhile, solution concentration plays a dominant role in 

determining the fiber morphology, diameter and distribution [24]. The effect of SF/HBC solution 

concentrations on micrographs was investigated by changing the solution concentrations at the weight 

ratio of 50:50. SEM morphologies of SF/HBC nanofibers with different concentrations are shown in 

Figure 1. At a SF/HBC concentration of 4%, several thin nanofibers were initially produced together 

with large beads; a small quantity of nanofibers with spindle-like beads was observed at 6%. At a 

SF/HBC concentration of 8%, uniform nanofibers could be obtained. But in the electrospinning 

process, the needle tube was easily jammed. By adjusting the concentration of SF and HBC until 12% 

SF was blended with 6% HBC at a ratio of SF to HBC (weight ratio of 50:50), uniform nanofibers are 

formed. So, we selected a concentration of 12% SF and 6% HBC as following concentration of 

different ratios of SF/HBC.  

Figure 1. SEM images of electrospun SF/HBC nanofibers with the weight ratio of 50:50  

at different concentrations (a, 4%SF/4%HBC; b, 6%SF/6%HBC; c, 8%SF/8%HBC;  

d, 10%SF/6%HBC; e, 12%SF/6%HBC). 
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The electrospun nanofibers with different blended ratios of SF/HBC from 100:0 to 0:100 were 

fabricated. The SEM micrographs and diameter distributions of electrospun nanofibers with different 

weight ratios of SF/HBC from 100:0 to 0:100 are shown in Figure 2. Fiber average diameter of pure 

SF was 215 ± 84.0 nm. Fiber average diameter increased to 313 ± 151.1 nm after adding 20% HBC, 

the reason was the increase of solution viscosity. However, fiber average diameter gradually decreased 

from 313 ± 151.1 nm to 107 ± 77.4 nm on further increasing HBC content in the blend. This effect 

might be caused by the conductivity increase of the solution with increasing HBC content. Chitosan is 

a typical cationic polyelectrolyte; more ions were formed in the solution with increasing HBC content. 

The conductivity of the solution could increase through the addition of ions. On the other hand, the 

increased charge density will increase elongational forces, which are exerted on the fiber jet to yield a 

smaller fiber [25]. 

Figure 2. SEM images and diameter distributions at concentration 12%SF/6%HBC with 

different weight ratios (a,a’, 100:0; b,b’, 80:20; c,c’, 50:50; d,d’, 20: 80; e,e’, 0:100). 
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2.2. FTIR Analysis of SF/HBC Nanofibers 

SF has the characteristic absorption bands at 1650–1660 cm
−1

 (amide I), 1535–1545 cm
−1

 (amide II), 

1235 cm
−1

 (amide III) and 669 cm
−1

 (amide V), attributed to the SF with random coil conformation, 

the characteristic bands at 1625–1640 cm
−1

, 1515–1525 cm
−1

, 1265 cm
−1

 and 696 cm
−1

, attributed to 

the SF with β-sheet conformation [26,27]. FTIR spectra of electrospun SF, HBC, and SF/HBC 

nanofibers are shown in Figure 3. Electrospun SF, HBC and their blends display characteristic 

absorption bands between 3278 cm
−1

 and 3405 cm
−1

, which represented the –OH and –NH2 group in 

SF and HBC, the position of characteristic absorption bands were shifted between 3278 cm
−1

and  

3405 cm
−1

 in blends with various HBC content. Characteristic absorption bands of –OH and –NH2 

group have a slight low energy shift due to intermolecular hydrogen bonds. In blends, the absorption 

bands of amide I, N–H of HBC and amide II of SF, as well as the amide III, both in HBC and SF 

combined to a single peak which appeared in the middle of the absorption band. Compared to their 

original position in HBC and SF, the absorption bands were 1653–1676 cm
−1

, 1541–1533 cm
−1

 and 

1226−1203 cm
−1

 without remaining primary absorption bands. The results showed intermolecular 

hydrogen bonding formation of SF and HBC. However, from FTIR spectra analysis, no sign 

demonstrated transformation of SF from random coil conformation (silk I) to β-sheet structure (silk II) 

after adding to HBC. 

Figure 3. FTIR spectra of electrospun SF/HBC nanofibrous scaffolds with different weight 

ratios (a, 100:0; b, 80:20; c, 50:50; d, 20: 80; e, 0:100). 

 

2.3. Solid-state 
13

C NMR Analysis of SF/HBC Nanofibers 

To further analyze the structure of SF/HBC nanofibers, the 
13

C NMR spectra of pure SF, HBC and 

SF/HBC nanofibrous scaffolds were performed and shown in Figure 4. In 
13

C NMR spectra of HBC 

nanofibrous scaffolds, peaks at 97.88, 56.64, 71.41, 82.45, 74.88 and 26.80 ppm were attributed to C1, 

C2/C6, C3, C4, C5 and methylene /methyl of HBC [28]. In 
13

C NMR spectra of pure SF nanofibrous 

scaffolds, peaks at 172.2, 60.6, 50.9, 43.3 ppm were attribute to carbonyl carbons of SF, C
β
 of Ser, C

α 
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of Ala and C
α
 of Gly [29]. The 

13
C NMR spectra of SF/HBC nanofibrous scaffolds showed 

characteristic chemical shifts of both SF and HBC. However, after being blended with different ratios, 

the intensity of some characteristic peaks appeared to change; peak intensities of carbonyl carbons, C
β 

of Ala of SF decreased obviously when blended with 80:20, peak intensities of C1, C2, C3, C5 and 

methylene/methyl of HBC decreased when blended with 50:50. These peak intensities were not 

proportional to the content of SF or HBC. In the meanwhile, we found that there were slight changes in 

the chemical shifts. The results demonstrated that SF and HBC molecules presented H-bond 

interactions, which led to the change of carbon chemical microenvironment. The chemical shifts of C
β
 

of Ala showed HBC did not induce conformation of SF to transform from random coil to  

β-sheet structure. 

Figure 4. 
13

C CP/MAS NMR spectra of SF/HBC nanofibers (a, 100:0; b, 80:20; c, 50:50; 

d, 20: 80; e, 0:100). 

 

2.4. X-ray Diffraction Analysis of SF/HBC Nanofibers 

X-ray diffraction spectra and crystallinities of pure SF, pure HBC, and SF/HBC nanofibers are 

shown in Figure 5 and Table 1. HBC nanofibers showed the broad peaks at 20.9, corresponding to 

amorphous structure of HBC. HBC is fabricated by conjugation of hydroxybutyl (HB) groups to the 

hydroxyl and amino reactive sites of chitosan. The hydroxylbutyl groups in side chain destroyed the 

original hydrogen bonding interaction between the chitosan molecules. Pure SF nanofibers showed 

only a broad peak centered at 21.4°, which was the characteristic peak of silk I [30]. Thus pure SF 

existed mainly in random coil structure. SF/HBC nanofibers showed three new peaks at 26.4°  

(d = 3.37 Å), 33.7° (d = 2.66 Å), and 51.8° (d = 1.77 Å ) and strong intensities without either pure SF 

or HBC nanofibers. Furthermore, crystallinities of SF/HBC nanofibers at different weight ratios 

increased in comparison with pure SF or HBC nanofibers. However, FTIR showed HBC did not 

induce conformation of SF transforming from random coil form to β-sheet structure. The results 

indicated rearrangement of molecular chain HBC and SF could form a new structure due to strong 

interaction between SF and HBC. The molecular interactions between SF and HBC may be produced 
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by hydrogen bonds formation. The –OH groups, C=O groups and -NH2 groups in SF are capable of 

forming hydrogen bonds with –OH and –NH2 groups in HBC. From X-ray diffraction analysis, SF and 

HBC mainly existed in amorphous structure. The original chitosan molecules interactions were 

weakened due to the existence of hydroxyl butyl groups. Hence, SF and HBC molecules are prone to 

form hydrogen bond interactions when SF is blended with HBC leading to a new structure. 

Table 1. Crystallinities of SF/HBC nanofibrous scaffolds. 

Content of HBC Crystallinities (%) Content of HBC Crystallinities (%) 

0 16.9 80 24.9 

20 25.0 100 14.6 

50 26.1   

 

Figure 5. X-ray diffraction spectra of SF/HBC nanofibrous scaffolds with different weight 

ratios (a, 100:0; b, 80:20; c, 50:50; d, 20:80; e, 0:100). 

 

2.5. Thermal Analysis of SF/HBC Nanofibers 

In order to investigate the thermal behavior of decomposition in detail, TG differential 

thermogravimetric (DTG) curves of raw SF, elelctrospun SF, electrospun SF/HBC nanofibers, 

electrospun HBC and raw HBC, were obtained and shown in Figures 6 and 7. The thermal 

decomposition temperature and mass loss in several stages are shown in Table 2. The mass loss of raw 

SF at the first stage (24–215 °C) was connected with the evaporation of water (9.05%). The mass loss 

rate increased and attained its maximum at 289.5 °C, which resulted from the disintegration of 

intermolecular interaction and the partial breakage of the molecular structure (61.72%) [31]. However, 

electrospun SF nanofibrous showed a new mass loss stage (147–210 °C) and attained its maximum at 

177.2 °C in comparison with raw SF; this was possibly caused by interactions between SF and 

solvent(HFIP) leading to degradation of H-bonds in crystal sites. The mass loss of raw HBC at the first 

stage (25–185 °C) is attributed to the evaporation of water (12.74%). The mass loss rate increased and 
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attained its maximum at 263.5 °C, ascribed to a blend process including dehydration of the saccharide 

rings and decomposition of the hydroxybutyl groups units. Meanwhile, the onset thermal 

decomposition temperature of electrospun HBC nanofibrous scaffold advanced to 122 °C and was 

divided into two decomposition peaks, attaining a maximum at 210.7 °C and 284.6 °C, respectively. 

This can be explained by the fact that TFA of HFTP/HFA blended solvent forms salts with the amino 

groups of HBC and this salt formation destroyed the rigid H-bond interaction between the HBC 

molecules leading to lower thermal stability than raw HBC. 

For electrospun SF/HBC nanofibers, the maximum decomposition temperature improved 9–13 °C 

at the stage of 122–250 °C and 7–16 °C at the stage of 250–600 °C in comparison with electrospun 

HBC nanofibrous scaffold. Meanwhile, the mass loss peaks of SF disappeared at the stage of  

147–210 °C compared with pure SF. The results indicated that intermolecular hydrogen bonds gave 

rise to more thermal stability than single component. 

Table 2. The thermal decomposition temperature and mass loss in several stages. 

 Raw SF Electrospun 

SF 

Electrospun SF/HBC blends Electrospun 

HBC 

Raw 

HBC 

 80:20 50:50 20:80  

First stage (°C) 24–215 24–147 25–122 27–122 25–122 25–122 25–185 

Tmax1 (°C) 48.9 65.5 54.1 53.0 50.2 41.1 47.9 

Loss mass (%) 9.05 9.15 5.36 4.36 5.53 6.05 12.74 

Second stage (°C) 215–600 147–210 122–250 122–251 122–250 122–250 185–600 

Tmax2 (°C) 289.5 177.2 223.5 221.3 219.8 210.7 263.3 

Loss mass (%) 61.72 5.54 18.08 23.88 30.60 44.43 87.26 

Third stage (°C) — 210–600 250–600 251–600 250–600 250–600 — 

Tmax3 (°C) — 293.7 291.4 293.3 300.4 284.6 — 

Loss mass (%) — 54.34 50.14 47.32 45.43 42.53 — 

Residues (%) 29.2 30.97 26.42 24.44 18.44 17.99 0 

 

Figure 6. TG-DTG curves of raw SF and HBC (a, SF; b, HBC). 
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Figure 7. TG-DTG curves of electrospun SF/HBC nanofibers (a, 100:0; b, 80:20; c, 50:50; 

d, 20:80; e, 0:100). 

 

3. Experimental Section 

3.1. Materials 

Cocoons of Bombyx mori silkworm were kindly supplied by Jiaxing Silk Co. Ltd (China). 

hydroxybutyl chitosan was kindly provided by Shanghai Qisheng biological agents Co. Ltd (China). 

Two kinds of solvents, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) from Fluorochem Ltd. (U.K.) and 

trifluoroacetic acid (TFA) from Sinopharm Chemical Reagent Co., Ltd. (China).  

3.2. Preparation of Regenerated SF 

Raw silk was degummed three times with 0.5% (w/w) Na2CO3 solution at 100 °C for 30 min each 

and then washed with distilled water. Degummed silk was disolved in a ternary solvent system of 

CaCl2/H2O/EtOH solution (1/8/2 in mole ratio) for 1h at 70 °C. After dialysis with cellulose tubular 

membrane (250-7u; Sigma) in distilled water for 3 days at room temperature, the SF solution was 

filtered and lyophilized to obtain the regenerated SF sponges.  
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3.3. Electrospinning of SF/HBC Nanofibers 

The SF was dissolved in HFIP and HBC was dissolved in HFIP/TFA mixture (v/v 90:10) for various 

concentrations, respectively. When they were prepared already, the two solutions were blended at 

different weight ratios with sufficient stirring at room temperature before electrospinning. All of the 

electrospinning procedures were carried out at the environmental conditions with the temperature of 

25–30 °C and the relative humidity of 30–40%. The solutions were placed into a 2.5 mL plastic 

syringe with a blunt-ended needle with an inner diameter of 0.21 mm. The needle was located at a 

distance of 200 mm from the grounded aluminum foil collector. A syringe pump (789100C,  

cole-pamer, USA) was employed to feed solutions to the needle tip at a feed rate of 0.5–1.0 mL/h. A 

high electrospinning voltage was applied between the needle and ground collector using a high voltage 

power supply (BGG6-358, BMEICO.LTD, China). The applied voltage was 20 KV. The electric field 

generated by the surface charge caused the solution drop at the tip of the needle to distort into a Taylor 

cone. The electrospun SF/HBC were dried in a vacuum (vacuum degree is −0.1 MPa) oven for more 

than 15 days at room temperature. 

3.4. Characterization 

The morphology and diameter of the electrospun fibers was observed with a scanning electronic 

microscope (SEM) (JSM-5600, Japan) at an accelerated voltage of 10KV. The diameter range of the 

fabricated nanofibers(×10,000) was measured based on the SEM images using an image visualization 

software Image J 1.34s (National Institutes of Health, USA) and calculated by selecting 100 fibers 

randomly observed on the SEM images. 

Fourier transform infrared spectra (FTIR) were obtained on AVATAR 380 FTIR instrument 

(Thermo Electron, Waltham, MA, USA). All spectra were recorded by an absorption mode in the wave 

length range of 4000–500 cm
−1

. 

The 
13

C CP-MAS nuclear magnetic resonance spectra (NMR) of the electrospun scaffolds were 

obtained on NMR spectrometer (Bruker AV400, Switzerland) with a
 13

C resonance frequency of 100 

MHz, contact time of 1.0 ms, pulse delay time of 4.0 s. 

Wide-angle X-ray diffraction (WAXD) curves were obtained on an X-ray diffractometer (RigaKu, 

Japan) within the scanning region of 2 θ (5°–50°), with Cu Ka radiation (λ = 1.5418 A°) at 40 kV  

and 40 mA. 

Thermogravimetry (TG) was carried out in air with the use of a TG 209F1 thermogravimetric 

system (Netzsch Germany ) within the temperature range from room temperature to 600 °C at a 

heating rate of 10 °C min
−1

. 

4. Conclusions  

The SF/HBC nanofibrous scaffolds were fabricated via electrospinning. Through adjusting the 

concentrations of SF and HBC, relative uniform nanofibers could be obtained when 12% SF was blended 

with 6% HBC at the weight ratio of 50:50 and nanofiber diameter decreased from 313 ± 151.1 nm to  

107 ± 77.4 nm on increasing the content of HBC from 20% to 100%. XRD and TG-DTG results 

demonstrated SF/HBC nanofibrous scaffolds formed a new structure and thermal stability improved. 
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The results demonstrated SF might form different types of hydrogen bonds with HBC, between –OH 

groups, C=O groups and –NH2 groups in SF and –OH and –NH2 groups in HBC. The intermolecular 

hydrogen bonds between SF and HBC were superior to hydrogen bonds between molecules of the 

same polymer. This gave rise to the rearrangement of molecular chain HBC and SF to form a new 

structure. Our ongoing studies will focus on the application of the electrospun SF/HBC nanofibers in 

tissue engineering and in wound dressing. 
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