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Abstract 

Silk sericin (SS) has been extensively used to fabricate scaffolds for tissue engineering. However, 

due to its inferior mechanical properties, it has been found to be a poor choice of material when being 

electrospun into nanofibrous scaffolds. Here, SS has been combined with poly(vinyl alcohol) (PVA) 

and electrospun to create scaffolds with enhanced physical properties. Crucially, these SS/PVA 

nanofibrous scaffolds were created using only distilled water as a solvent with no added crosslinker 

in an environmentally friendly process. Temperature has been shown to have a marked effect on the 

formation of the SS sol-gel transition and thus influence the final formation of fibers. Heating the 

spinning solutions to 70 ºC delivered nanofibers with enhanced morphology, water stability, and 

mechanical properties. This is due to the transition of SS from -sheets into random coils that enables 

enhanced molecular interactions between SS and PVA. The most applicable SS/PVA weight ratios 

for the formation of nanofibers with the desired properties were found to be 7.5/1.5 and 10.0/1.5. The 

fibers had diameters ranging from 60 to 500 nm, where higher PVA and SS concentrations promoted 

larger diameters. The crystallinity within the fibers could be controlled by manipulation of the balance 

between PVA and SS loadings. In vitro degradation (in phosphate buffer solution, pH 7.4 at 37 C) 



was 30-50 % within 42 days and fibers were shown to be non-toxic to skin fibroblast cells. This work 

demonstrates a new green route for incorporating SS into nanofibrous fabrics, with potential use in 

biomedical applications. 

1. Introduction 

Natural polymers, such as collagen, gelatin, chitin, chitosan, cellulose, alginate, silk fibroin 

and silk sericin, have been employed by many researchers for use in biomedical and cosmetic 

applications due to their biocompatibility and non-toxicity to the human body [1-12]. Silk sericin 

(SS) has recently gained interest among the range of natural polymers and has previously been 

used for the production of skin scaffolds [13,14]. SS is synthesized in the labial gland of the 

silkworm, Bombyx mori, that forms three layers around double strands of fibroin filaments in the 

silk thread [15]. It is a glycoprotein and comprises 18 different amino acids (mostly serine, glycine, 

aspartic acid and tyrosine, see chemical structures of SS in Fig. 2a) with strong polar side groups 

(hydroxyl, carboxyl and amino groups), which renders sericin water soluble and allows it to 

interact with other materials [4,11]. Structurally, SS consists of random coils and -sheets where 

the sol-gel transition occurs in response to temperature, moisture absorption and mechanical 

stretching (tensile strength) [15].  

Due to the physicochemical properties described, SS is a potential biocompatible material 

and has many desirable properties for biomedical applications, such as resistance to oxidation, anti-

bacterial, biodegradable, anti-coagulation and anti-cancer [16-21]. SS-containing materials have 

been shown to take less time to heal compared to non-treated wounds [22,23]. However, due to its 

weak mechanical properties, SS generally needs to be processed with other biocompatible 

materials, such as chitosan [4], polyacrylamide [24] and poly(vinyl alcohol) (PVA) [13]. Notably, 

PVA has been widely used in medical applications due to its excellent physical properties and low 

cost, in addition to being biodegradable and biocompatible [12,25-27].  

There are many factors that affect the physical and mechanical properties of SS-based 

scaffolds, such as molecular weight, temperature and component concentration [16,28-35]. For 



example, Um et al. [28] studied the effect of molecular weight on the structure and mechanical 

properties of silk sericin fabricated in various forms of gels, films and sponges. They found that 

increasing the molecular weight of SS causes an increase in gelation propensity of the SS aqueous 

solution, gel strength, gel-sol transition temperature, crystallinity and mechanical properties, but 

reduces porosity, swelling ratio and sponge density. Interestingly, the molecular weight changes 

of SS in their study did not have an effect on cell toxicity. Our previous work [13] has shown that 

the storage temperature after SS degumming has a significant effect on the secondary 

conformational structure of SS, which is mostly random coils or -sheets when they were prepared 

at 25 C and -10 C, respectively. In addition, it was found that porous PVA/SS (random coils) 

scaffolds with pore diameters between 20–30 m showed efficiency for skin cell adhesion and 

proliferation.  

One of the most popular processes to fabricate tissue engineering scaffolds is 

electrospinning, which produces large surface area and porous structure nanofibers that can be 

designed to be similar to the extracellular matrix (ECM). This enables the enhancement of cell 

adhesion, proliferation and migration [3,36-38]. Generally, SS has poor spinnability unless it is 

combined with another highly spinnable polymer [3,11,21,29]. During fabrication, water and 

acetic acid have been used as solvents, with and without crosslinker (i.e. glutaraldehyde) at room 

temperature. Montazer et al. [3] electrospun chitosan (Ch, 3 %w/v)/sericin (SS, 10 %w/v)/PVA 

(10 %w/v) at different ratios using dilute acetic acid [3] to produce small diameter bead-less 

nanofibers with narrow size distribution. Yao et al. [11] electrospan PVA/SS solutions in deionized 

water at room temperature and found that the resulting PVA and PVA/SS fibers must be 

crosslinked (using glutaraldehyde) to prevent them from dissolving instantly in water.  

In the work herein, we introduce a new green route for the production of SS-incorporated 

nanofibrous fabrics. Accordingly, we have studied the effect of spinning temperature on the 

physical and mechanical properties of electrospun SS/PVA nanofibers and have successfully 

fabricated robust nanofibers by heating spinning solutions at 70 ºC using only distilled water, 



without crosslinker, for the first time. Crucially, heating the spinning solutions delivered 

nanofibers with better morphology, greater water stability and stronger mechanical properties, due 

to the transition of SS from -sheets into random coils. This enables enhanced molecular 

interactions between PVA and SS, which subsequently equips the PVA/SS nanofibers with more 

water stability without using crosslinker. As concentration was found to be the most important 

parameter among the major factors in controlling the morphology and average fiber diameter [39], 

the effect of SS and PVA concentrations on the nanofiber properties (morphology, molecular 

interaction, crystallinity, degradation, and in vitro cell cytotoxicity) have been studied.  

2. Material and Method 

2.1 Materials 

Silk cocoons (Bombyx mori) were provided from Tak province in the lower northern region of 

Thailand. Poly(vinyl alcohol) (PVA, Mw ~80,000 Da and ~120,000 Da) were supplied by Sigma-

Aldrich Co. Inc, Singapore. For cytotoxicity, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-

tetrazolium-5-carboxanilide salt (XTT, from Sigma-Aldrich, St. Louis, MO, USA) and normal 

human dermal fibroblast (NHDF) cell line (from American Type Culture Collection, USA) were 

provided by Center of Excellence for Innovation in Chemistry, Department of Pharmaceutical 

Technology, Faculty of Pharmaceutical Science, Naresuan University. 

2.2. Preparation of silk sericin powders 

Silk sericin (SS) was prepared from a simple hot-water degumming process following our previously 

employed method [13], which gave a high yield of 23 wt% SS powders. Briefly, 20 g of silk cocoons 

were weighed and cut into small pieces and then added to 500 mL of DI water before heating at 100 

C for 4 hours. After the extraction process, the sericin solution was stored at room temperature (25 

C) for 24 hours before drying into the final powder in an oven at 60 C and stored in desiccator 

before use. 

2.3. Preparation of PVA/SS blend solutions 



Both PVA and SS solutions were prepared separately before mixing at the appropriate composition 

shown in Table 1 (for study the effect of spinning temperature in Section 3.1) and Table 2 (for all 

heated solutions to study the effect of SS and PVA concentration in Section 3.2). A PVA stock solution 

was prepared by dissolving PVA pellets in distilled water at 110 C for 2 hours in a closed system. 

The SS solutions were prepared by dissolving SS powder (from Section 2.2) in distilled water at 70 

C for 2 hours, where a fresh solution was prepared for every sample. PVA and SS solutions at the 

desired compositions were mixed and heated at 70 C for 30 mins under reflux in order to make 

homogeneous solutions. 

Table 1. Compositions of non-heated and heated SS/PVA solutions (distilled water) to study the 

effect of temperature on the electrospinning process. 

Sample Name SS (%w/v) PVA (%w/v) 

Non-heated SS/PVA 1.5 7.5 

Heated SS/PVA-1 1.5 7.5 

Heated SS/PVA-2 1.5 10.0 

 

Table 2. Compositions of heated SS/PVA solutions (distilled water) to study the effect of SS and 

PVA concentration during electrospinning. 

Sample code SS 

(%w/v) 

PVA 

(%w/v) 

Sample code SS 

(%w/v)  

PVA 

(%w/v) 

PVA - 5.0, 7.5, 10.0 EP5 1.5 7.5 

EP1 0.75 5.0 EP6 3.0 7.5 

EP2 1.5 5.0 EP7 0.75 10.0 

EP3 3.0 5.0 EP8 1.5 10.0 

EP4 0.75 7.5 EP9 3.0 10.0 

 

2.4. Fabrication of SS/PVA nanofibers  

Mixtures of SS and two different molecular weight PVA samples (Mw ~80,000 Da and Mw ~120,000 

Da) in distilled water (without any other plasticizers and/or chemical solvents) were loaded into a 

10 mL syringe with 22G x 1½ inch needle (0.7 x 40 mm thin wall hypodermic needle). The syringe 



containing sample solution was sheathed in a silicone heating mat, which was connected to a heating 

control unit, see Fig. 2b, allowing the sample solution to be held to 70 C during the electrospinning 

process. The electrospinning process parameters were studied to identify the optimum parameters 

to be used: feeding rate 1.2 mL/hour, distance from needle to collector of 15 cm and 25 kV voltage. 

Of note, the SS/PVA (PVA Mw ~120,000 Da) solution did not form fibers during spinning due to 

too the high viscosity of PVA while SS/PVA (PVA Mw ~80,000 Da) showed good formation under 

the same operating conditions. Therefore, PVA (Mw ~80,000 Da) was selected for further study, as 

described herein. 

2.5. Characterization 

Morphology 

Morphology of the PVA/SS electrospun nanofibers was observed using scanning electron 

microscopy (SEM) (Leo model 1455VP). Samples were cut into small pieces before being mounted 

onto metal stubs and dried overnight prior to gold deposition to enhance the electrical conductivity. 

Different areas of the sample surface were investigated. 

Conformational structures and intermolecular bonding study 

The conformational structure of silk sericin before and after electrospinning were assessed using 

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR, PerkinElmer Spectrum GX, 

4000– 400 cm−1) spectroscopy. The intermolecular bonding of SS and PVA in the temperature 

controlled electrospun nanofibers with different concentrations of SS and PVA were also observed 

by ATR-FTIR.  

Tensile properties 

The tensile properties of the obtained fiber mats (with dimensions: length = 40 mm, width = 25 mm 

and thickness = 0.40 mm) were measured by a universal testing machine (model 5965 INSTRON® 

CALIBRATION LAB) at a crosshead speed of 0.06 mm/min with load cell of 100 N. The samples 

were tested in triplicate.  

Crystallinity 



The crystallinity of all samples was investigated by X-ray diffraction (XRD, Philips model X’Pert 

Pro). Diffraction patterns were recorded with a diffraction angle (2θ) in the range of 5 to 50 (Cu 

Kα,  = 1.54 Å). 

Contact angle  

Hydrophilicity of the electrospun fibers was observed by water contact angle (CA, Dataphysics 

Model OCA20) at room temperature. Water was injected from a syringe onto the surface of the 

nanofiber mats at 2.0 μL dosing volume. Images of the water drop were recorded by video camera. 

The contact angles of samples were analyzed using the built in SCA software. 

Thermal property of SS powders 

The thermal properties of the SS powders were investigated using Differential Scanning Calorimeter 

(DSC, Mettler model DAC1). Samples were heated from 25 to 250 C, at a heating rate of 10 C 

min−1 under a nitrogen atmosphere. 

Degradation test 

Nanofiber mats were cut into 1 cm × 1 cm with controlled thicknesses and then soaked in phosphate 

buffer solution (pH 7.4) before being placed into the incubator at a controlled temperature of 37 C. 

The weight loss of samples was measured at 1, 7, 14, 21, 28, 35 and 42 days with each sample tested 

in triplicate. 

2.6 In vitro cytotoxicity 

The cytotoxicity of the SS/PVA electrospun nanofibers was examined by the XTT (2,3-bis-(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt) assay in normal human 

dermal fibroblast (NHDF) cell line. The fiber mats (1 x 1 cm2) were impregnated in 1 mL of DMEM 

medium with serum free at room temperature for 24 hours. NHDF cell line suspensions were placed 

in 96-well plates at a density 1 x 104 cells/well and incubated in DMEM containing 10% fetal bovine 

serum (FBS), penicillin, streptomycin and amphotericin B, at 37 C under CO2 atmosphere for 24 

hours. The medium was discarded and washed with PBS. Cells were then treated with both of 

sterilizing impregnated medium of nanofibers (EP5 and EP8) in each well before being incubated at 



37 C under CO2 for 24 hours. After treatment, the cells were washed with PBS and replaced with 

200 μL of the new serum-free medium before adding 50 μL of XTT solution and incubated for a 

further 4 hours.  The absorbance of the solution at 490 nm was measured by a microplate reader. 

Cell viability was calculated based on the following equation: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑂𝐷𝑠

𝑂𝐷𝑐
𝑥 100 

Where ODs is the absorbance of impregnated medium of nanofibers and ODc is the absorbance of a 

control (incubated with culture media without nanofibers or untreated cells). All experiments were 

performed three times with three replicate wells for every sample and control per assay. The optical 

images of the NHDF cell line were also observed after testing. 

 

3. Results and discussion 

3.1 The exploration of the technique for fabrication of SS/PVA electrospun nanofibers: Effect 

of spinning temperature 

From our previous work [13], we found that the conformational structure of SS, which is 

temperature dependent, affects the formation of porous crosslinked PVA/SS scaffolds, in which 

random coil structures help to promote interactions between PVA and SS more than -sheet 

structures. In this work, therefore, the thermal behavior of SS powders was first observed by DSC, as 

shown in Fig. 1a. Two broad endothermic peaks were seen at ~110 C and 225 C due to the 

evaporation of water and thermal decomposition of SS, respectively [16,40]. Interestingly, a small 

phase transition can be observed between 40-75 C, which is attributed to the conformational change 

of silk protein from -sheets to random coils. In addition, it was found that SS powders are completely 

dissolved in water at 70 C. Generally, the solubility of SS in water increases when the sericin 

molecular conformation transforms from -sheets to random coils [41]. 



 

Figure 1. DSC thermogram of silk sericin powders (a) and FT-IR spectra of silk sericin solutions in 

two different regions to show the amide bands (b) and hydrogen bonding (c). 

As silk sericin (SS) is comprised of amino acids, it contains amide I, II and III groups, which 

are involved in the secondary structures in proteins (random coils or -sheet structures, see Fig. 2a) 

and can be determined using FT-IR spectroscopy [41-44]. In this work, SS conformational structures 

were studied by FT-IR at different temperatures from room temperature to 90 C. The FT-IR spectra 

are shown in Fig. 1b at 27 C, 70 C (temperature used for dissolving SS powders in water) and 90 

C. The major bands of amide I (1670-1610 cm-1), II (1570-1515 cm-1) and III (1260-1230 cm-1) are 

attributed to the C=O stretching vibrations of the amide groups, N-H bending and in-phase 

combination of N-H in plane bending and C-N stretching vibrations, respectively [13]. The frequency 

bands of amide I, II and III (Fig. 1b) and the frequency band of N-H stretching (3200-2400 cm-1), -

OH stretching and strong hydrogen bonding (3600-3200 cm-1) of the SS solution at 27 C are broader 

than those seen at 70 C and 90 C (Fig. 1c). This is due to the high degree of hydrogen bonding in 

the -sheet structures of the SS solution at lower temperatures [13]. SS has been shown to exhibit a 

reversible gel-sol transition somewhere between 70 and 90 C (with the exact value being dependent 

on molecular weight [28]) due to the presence of breakable hydrogen bonds between the amino acid 

molecules. Accordingly, this behavior can be exploited to switch between an SS gel and sol by 



oscillating above and below the phase transition temperature [28,45-48].  

Therefore, the electrospinning of SS and PVA in water with and without heating at 70 C 

(samples named ‘heated SS/PVA-1’ and ‘non-heated SS/PVA’, respectively) was studied. The 

experimental set-up with temperature-controlling unit is shown in Fig. 2b, together with optical 

images of electrospun mats of both samples. Fig. 2c shows SEM images of heated SS/PVA-1 and 

non-heated SS/PVA and the cartoon schematic of the arrangement of PVA and SS chains after 

spinning at 70 C and 27 C (room temperature, Tr).  It was found that non-heated SS/PVA solutions 

produced fibrous fabrics with a greater number of beads and microdroplets (back circles) than heated 

SS/PVA-1 solutions. The fibrous mats produced from heated solutions were also mechanically 

stronger and tougher (see Fig. 3a), which is attributed to stronger molecular interaction between PVA 

and SS at elevated temperature that is made possible by the more open, flexible SS molecular 

conformation. Conversely, the -sheet crystal structure of SS at 27 C causes the gelation of SS and 

separation from PVA chains, which inhibits the production of homogeneous and smooth electrospun 

fibers (seen as microdroplets).  

 



Figure 2. Schematic diagram of (a) the chemical and molecular structures of PVA and SS and 

(b) electrospinning set-up with and without heating and their optical electrospun mats and (c) 

SEM images of non-heated SS/PVA and heated SS/PVA-1 nanofibers with cartoons of their 

predicted molecular arrangement. 

 

Figure 3.  Stress-strain curves together with the samples after fracture (a) and FT-IR spectra 

(b) of non-heated SS/PVA and heated SS/PVA-1 nanofibers. 

 Fig. 3a shows that the tensile strength and % elongation of heated SS/PVA-1 electrospun 

fibrous mats are substantially higher than those of non-heated mats. The heated SS/PVA-1 fiber 

mats started to fracture at 3.7 MPa and then dropped to 2.8 MPa before finishing the test without 

being completely fractured at 35 % elongation. Conversely, the non-heated SS/PVA fiber mat 

fractures after applying the 0.7 MPa stress with 5 % elongation (also see supporting information 

for movies of the mechanical performance of each fiber mats). Fig. 3b shows that the amide I 

and II bands of non-heated PVA/SS fabrics at 1646 and 1539 cm-1, respectively, were shifted to 

lower wavenumbers when compared to heated SS/PVA-1 mats (1658 cm-1 for amide I and 1553 

cm-1 for amide II). This is due to the formation of hydrogen bonding between C=O and N-H 

groups in SS leading to the formation of -sheet structures in non-heated solutions (and the 

resultant fibers). The frequency of N-H stretching, and hydrogen bonded -OH bands of non-

heated SS/PVA also appear at a lower wavenumber (3270 cm-1) than those of heated SS/PVA-1 

samples (3282 cm-1). The high degree of hydrogen bonding between C=O and N-H groups in SS 



generates broad bands at room temperature.  

Three samples of non-heated and heated SS/PVA electrospun fibers (Table 1) were 

submerged into PBS (pH 7.4) and left for 1 day before SEM was used to study their morphology (see 

Fig. 4). The images show that the non-heated fibers lost their fibrous structure completely after the 

first day in PBS, while heated fibers (SS/PVA-1 and SS/PVA-2) remained in good fibrous form, 

although heated SS/PVA-1 showed some signs of degradation. The water contact angle 

measurements of all samples are also shown in Fig. 4. Non-heated SS/PVA shows the lowest contact 

angle when compared to heated SS/PVA-1 and heated SS/PVA-2 nanofibers. The more hydrophobic 

surfaces in heated samples are a consequence of the enhanced interactions between the hydroxyl 

groups of PVA with SS, which reduces the amount of hydrophilic groups that are available on the 

surface of the fibers. In short, heating SS/PVA solutions at 70 C during electrospinning promotes 

the formation of more hydrophobic fibrous fabrics, with stronger molecular interaction between PVA 

and SS occurring within the fibers, which duly enhances the mechanical properties of the fibers.  

 

Figure 4. Water contact angle and SEM images of non-heated SS/PVA, heated SS/PVA-1 and heated 

SS/PVA-2 nanofibers after electrospinning and their SEM images after submersion in PBS for 1 day. 



The crystallinity of non-heated SS/PVA and heated SS/PVA-1 nanofibers, as well as neat SS 

and PVA nanofibers was investigated by XRD (see Fig. 5). Neat SS shows a broad peak representing 

an amorphous morphology, while neat PVA nanofibers show broad amorphous peaks alongside a 

small crystalline peak with low intensity at approximately 19. Electrospinning is a quench process 

for processing polymers into fibers, where the solvent evaporates rapidly and effectively vitrifies the 

polymer chains far from equilibrium with a more amorphous structure than would be predicted based 

on thermodynamic principles [36]. However, heated and non-heated electrospun nanofibers show 

higher intensity crystalline peaks of PVA than neat PVA fibers. This suggests that SS promotes the 

alignment of the PVA chains, perhaps acting as a weak nucleating agent. In addition, non-heated 

SS/PVA mats show the highest amount of PVA crystallinity because the formation of non-fibrous 

features (as seen from SEM image in Fig. 4) is more prevalent during the electrospinning process. 

Non-fibrous features tend to be formed when the solvent molecules become trapped and therefore the 

solvent evaporates slower (than conventional fiber formation in electrospinning), which provides 

more mobility for chain alignment to occur. 

 

Figure 5. XRD patterns of SS, PVA, non-heated SS/PVA and heated SS/PVA-1 nanofibers.  

  

 In summary, the fabrication of environmentally friendly nanofibers was successfully 



established by combining SS with PVA and electrospinning from distilled water at elevated 

temperature. Temperature plays a key role in the SS sol-gel transition and thus influences the final 

formation of fibers, where heating the SS/PVA solution to 70 ºC produces mechanically stronger 

fibers with better morphology (less beads and micro-droplets), and higher hydrophobicity than 

fibers from non-heated SS/PVA solutions. Consequently, this method was selected for further study 

on the effect of SS and PVA concentration on the properties of the fibers.  

 

3.2 Heated SS/PVA electrospun nanofibers: Effect of SS and PVA concentration 

Morphology  

The surface morphology of PVA at different concentrations and heated SS/PVA electrospun 

nanofibers (all samples listed in Table 2) was observed by SEM (see Fig. 6). Ultra-fine diameter 

fibers (60 nm diameter) with extensive bead formation was observed in 5 %w/v PVA, while higher 

PVA concentrations produce thicker fibers with significantly less beads. All 5 %w/v PVA 

incorporated with different loading of SS (EP1, EP2 and EP3) show fine fibers with beads, especially 

at 3 wt% SS (EP3), which also produced micro-droplets. The formation of beads here is attributed to 

the low concentration of PVA and SS, which results in a low degree of chain entanglement [36,49]. 

Higher concentrations of PVA (7.5 and 10 %w/v) lead to more entanglements and thus enhanced 

viscoelastic properties, which results in better fiber formation with less beads. Addition of SS into 

7.5 and 10 %w/v PVA (EP4-EP9) causes the formation of beads, especially when a small amount of 

SS was added to 7.5 %w/v PVA (EP4). This is again due to a low concentration of SS and/or its low 

molecular weight, which leads to a low degree of chain entanglement. Bigger diameter SS/PVA fibers 

were obtained when higher PVA and SS loadings were used. The fibrous mats of EP4-EP9 are soft 

and flexible and have the appearance of the fiber mat shown in Fig. 2. They also have sufficient 

mechanical strength to be peeled from the collector without tearing. From these morphology 

observations together with good fiber formation during electrospinning, samples of EP4-EP9 

(especially EP5 and EP8) taken forward for further detailed investigation.   



 

Figure 6. SEM images of PVA at different concentrations and heated SS/PVA nanofibers (EP1-9). 

Soft, flexible and strong fibers that can be readily peeled off the collector are shown in the black 

square (EP4-9).  

Intermolecular bonding  

Fig. 7 shows the FT-IR spectra of samples EP1-9. All samples show a small shift in amide I 

and amide II peaks to higher wavenumbers when compared to neat SS, while the broad bands (3700-

3000 cm-1) of N-H stretching of SS and H-bonded -OH of PVA simply show the spectrum of the two 

homopolymers, which can be described as a miscible blend [50,51]. This miscible blend suggests that 

there are molecular interactions between PVA and SS. At higher SS concentrations, H-bonded -OH 

shows broader peaks and is shifted to a lower wavenumber due to the high degree of hydrogen 

bonding. However, the amide II (-NH bending) peak becomes broader and is shifted to higher 

wavenumber when using higher PVA contents due to increased molecular interactions between -OH 



groups of PVA and -NH2 groups of SS.  

 

Figure 7. FT-IR spectra of SS, PVA and heated SS/PVA nanofibers with different 

concentrations of SS and PVA (EP1-9). 

The effect of temperature on the molecular interactions between SS and PVA in the nanofibers 

of heated SS/PVA was also observed by FT-IR (heating samples from 27 C to 70 C), as shown in 

Fig.8. All samples (EP4, EP6 and EP9 are provided here as representative exemplars) show that the 

bands from the H-bonded -OH, amide I and amide II are shifted to higher wavenumbers when higher 

temperatures are applied, which shows increased interaction between PVA and SS. These results 

confirm that the electrospinning process of SS/PVA solutions should be undertaken above the 

gelation temperature (approximately 70 C) of SS to maximize the molecular interactions between 

SS and PVA. 



 

Figure 8. FT-IR spectra of representative heated SS/PVA nanofibers (EP4, EP6 and EP9) at 27 

C and 70 C and the FT-IR band of H-bonded -OH testing from 27 C to 90 C (inset left). 

Crystallinity  

Fig. 9 shows the XRD patterns of all SS/PVA nanofibers on the same scale. The crystalline 

peaks of PVA are present at ~19 and their intensities were shown to be dependent on the 

concentration of PVA.  In the set of EP1-3 (5 %w/v PVA), different loadings of SS had only a small 

effect on the crystallinity of the nanofibers. In the set of EP7-9 (10 %w/v PVA), the disruption of the 

PVA crystal structure was observed when higher SS loadings were used. Here, the SS chains are able 

to mix with the PVA chains in solution and then form fibers with no beads after spinning (see Fig. 

6), with higher SS loading more intermolecular interaction can occur. In the set of EP4-6 (7.5 %w/v 

PVA), however, the EP5 composition (mid SS concentration of 1.5 %w/w) shows the highest 

crystalline peak (similar to EP8). From these XRD results, it appears that SS is needed to induce PVA 

crystallinity, but too much SS loading suppresses the formation of PVA crystals. 



 

Figure 9. XRD patterns of heated SS/PVA nanofibers with different concentrations of SS and 

PVA. 

Degradation  

The degradation properties of scaffolds can be of particular importance with many scaffolds 

manufactured for the treatment of nonhealing wounds being conventionally designed to degrade [52].  

In vitro degradation tests were carried out for 42 days on all PVA/SS nanofibers (made from different 

concentrations of PVA and SS), along with neat PVA and the results are shown in Fig. 10. The data 

show that all samples exhibited weight loss in range of 30-50 %. High SS loading appears to promote 

higher degradation rates in EP1-6. However, the weight loss of EP7-9 (at PVA high concentrations 

of 10 %w/v) are not significantly different. This is possibly due to the trapping of SS chains in the 

regions of high PVA contents. 



 

Figure 10. In vitro degradation of heated SS/PVA nanofibers with different concentrations of SS 

and PVA.   

In vitro cytotoxicity  

The in vitro cytotoxicity tests of SS/PVA nanofibers were examined using XTT assays toward 

NHDF cell line and the results are shown in Fig. 11. There is no difference in cell viabilities (for 24 

hours) of all the control and test samples (EP5: 1.5SS/7.5PVA and EP8: 1.5SS/10PVA) and they 

were over 98%. In addition, the optical microscopic images of the cells show that the morphology 

of the cells on our samples is the same as those on the control. The cell viability study suggested 

that the electrospun SS/PVA nanofibers are found to be non-toxic materials with good 

biocompatibility.  



 

Figure 11.  In vitro cytotoxicity of NHDF cell line on SS/PVA nanofibers together with the 

optical microscopic images of the cells on fibers. All experiments were performed three times with 

three replicate wells for every sample and control per assay. 

 

Conclusions 

Water stable, but biodegradable SS/PVA nanofibrous fabrics have been successfully 

fabricated from distilled water, without the use of crosslinking agents via an environmentally friendly 

route. By heating the electrospinning solution to 70 C, SS (in distilled water) was found to be a sol 

(random coil structure), whereas it is a gel (-sheet structure) at room temperature. The random coil 

structure in the sol enhanced molecular interaction between PVA and SS and promoted the fabrication 

of nanofibers with better morphology and more hydrophobic character (both PVA and SS are 

hydrophilic). PVA and SS loadings have been shown to effect the nanofiber diameter, formation of 

beads, crystallinity, molecular bonding and degradation of the resultant nanofibers. All fibers at 7.5 

and 10 %w/v PVA (EP4-9, especially EP5 and EP8) showed good physical properties, such as ease 

of fabrication and simple removal from the collector, owing to their enhanced mechanical strength. 

These fibers were also shown to be non-toxic to fibroblast cells. With their enhanced properties; such 

as non-toxicity, good water stability, biodegradability and good physical and mechanical properties, 



such PVA/SS nanofiber mats have the potential for use as skin tissue regenerative scaffolds. 

Crucially, these bio-inspired materials containing SS can be fabricated from an environmentally 

friendly process.  
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