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Abstract— Electronic devices capable of easily degradable, 

physically destructible, and bioresorbable which are prepared 

using abundant and natural biomaterials has been an 

interesting research topic. These transient electronic devices 

help in the reduction of non-degradable electronic waste and can 

be explored for the next generation intelligent security 

applications. Here, in the current work a fully transient novel 

SF-PVA composite based flexible and biocompatible nanofibers 

were successfully prepared via simple and facile electrospinning 

based approach. Combining the silk fibroin with PVA has 

induced different structural transitions i.e. percentage change in 

the secondary structures which are studied using XRD and 

FTIR analysis. Besides, the chemical and morphological studies 

were done using the Raman, and FESEM analysis. The 

dissolution tests were performed on ultra-thin electrospun 

nanofibrous mats which revealed the ultra-fast dissolution of 

nanofibers in both DI water as well as in PBS with a dissolution 

time of less than 3 seconds. The as prepared nanofibers exhibit 

programmable dissolutions, superior mechanical flexibility for 

the different concentration ratio of PVA without further 

affecting its morphological properties. The tunable degradation 

rates are primarily due to the change in the structural 

transitions induced due to the variation in the percentage of the 

beta sheets which are conformed from the XRD and FTIR-FSD 

analysis. Thus, the novel nanocomposite biomaterial based 

nanofibers paves the path towards the development of the 

upcoming flexible and transient electronic applications. 
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I. INTRODUCTION 

The demand for biocompatible, biodegradable and 
bioresorbable materials are tremendously increasing due to 
the increase of e-waste owing to the shorter life time of 
modern day electronic devices [1-3]. Currently, most of the 
traditional electronic devices are made with materials which 
are non-decomposable, non-biocompatible and toxic 
inorganic materials as well, leading to severe ecological 
imbalance worldwide. For instance, with the rapid increase of 
mobile phones, the demand for the materials like indium 
which is most commonly used materials in displays has been 
drastically increased. Moreover, the traditional fabrication 
methodologies like sputtering, e-beam evaporation, etc. are 
not only complex and need high vacuum but also are costly 
and energy inefficient [4]. To overcome aforementioned 
issues, the ultimate solution lies in development of electronic 
devices with novel green materials which can easily be 
degraded and finally disappeared after certain time, while 
using non-conventional fabrication methods. Currently, 
various materials such as MgO, ZnO, egg albumin, 
polyvinylalcohol (PVA), Polyvinylpyrrolidone (PVP) etc. are 
explored for wide variety of implantable biomedical devices, 
secure electronic devices such as sensors, memories [5]. This 
new branch of electronics which uses degradable materials 
namely transient electronics serves as a best alternative to 
eradicate the e-waste. Moreover, it provides the electronic 

devices which can be applied in various security applications 
such as military applications.  

Silk fibroin offers numerous advantages in terms of 
abundance, superior optical transparency, excellent 
mechanical flexibility, biocompatibility, and is thus explored 
as both active and passive material for various flexible 
electronic applications such as memories [6], sensors [7], 
nanogenerators [8]. Silk is a natural protein-based polymer 
exhibit irregular structures with beta-sheets, alpha helices, 
random coils, turns. Besides, their structural properties can be 
easily tuned by the addition of various natural and synthetic 
polymers along with various external treatments like water 
vapor annealing, thermal pressing, etc. [9-10]. More 
importantly, the controlled alterations in the molecular 
conformations of silk fibroin result in fine-tuning various 
physical and chemical properties. Silk fibroin exhibits two 
types of molecular conformations of the secondary structures, 
Silk-I and Silk-II, which are metastable and stable forms. Silk-
I is a non-crystalline form with more random coils, alpha 
helices, and side chains and easily soluble in water [11]. 

On the other hand, Silk-II typically exhibits organized and 
crystalline structures with more beta-sheets with hydrophobic 
nature and insoluble in water. Due to their excellent features 
such as high porosity, excellent mechanical strength, larger 
surface area to volume ratio, and ease of preparation, 
Nanofibers were widely explored for numerous applications 
such as wound dressing, energy storage, transistors, sensors, 
drug delivery, filtration [12]. Low-cost solution processability 
makes them the best suitable approach to prepare different 
composite materials that exhibit different versatile physical, 
chemical, and mechanical properties, which are very useful 
for most of the next-generation flexible electronic 
applications. Generally, most of the traditional nanofibers 
were prepared using conventional synthetic polymers like 
PVA, PVP, polylactic acid, polyethylene oxide (PEO), etc., 
via the facile and straightforward electrospinning-based 
approach [13]. However, the nanofibers prepared using 
protein-based silk fibroin are scarce and are least explored for 
flexible and bioresorbable electronic applications.. 

II. EXPERIMENTAL SECTION

A. Materials and Methods

The non-dyed Bombyx mori silk yarns were purchased
from the M/S Bombyx mori silk yarns and textiles, J&K, 
India. The concentrated formic acid (FA) (98%) was 
purchased from Rankem chemicals, and the PVA of medium 
Mw (40,000-50,000) was purchased from Sigma Aldrich and 
was used in the powder form. Calcium chloride dehydrate 
(CaCl2 2H2O) was purchased from Merck, Germany. A 
highly purified deionized water (DI) of 18.2 MΩcm-1 was 
used throughout the experiments. X-Ray Diffraction (XRD) 
studies on silk and SF-PVA were performed using Rigaku 
Ultima IV diffractometer, and Fourier Transform Infrared 
(FTIR) spectroscopy studies were performed using the Bruker 



Alpha-II FTIR instrument. The Morphological studies were 
performed using a sophisticated and powerful field-emission 
JEOL JEM2100 microscope. 

B. Preparation of silk fibroin-PVA solution

Initially, silk fibroin was prepared using a similar method
from our previous work [14]. Briefly, 10 gm of silk yarns were 
cut into different uniform pieces of length 5 cm and 
degummed in 2000 ml of boiled DI water with 0.05M 
Na2CO3 for 30 minutes. Next, the degummed silk fibroin is 
squeezed and dried overnight in the exhaust and further used 
to prepare regenerated silk fibroin solution (RSF). An RSF 
solution was prepared by dissolving the degummed silk 
fibroin in a solution containing FA to CaCl2 with a weight 
ratio of 19:1. Later, the RSF films were prepared by casting 
the RSF solution in a petri dish followed by soaking in DI 
water for 10 hours and removing CaCl2 by repetitive cleaning. 
Finally, the silk fibroin solution of the desired concentration 
is prepared by dissolving in FA and purified using the 
centrifugation process. The silk fibroin-PVA (SF-PVA) was 
prepared using the physical mixing of different PVA 
concentrations varying from 1mg/mL to 1.5 mg/mL. 

C. Electrospinning of SF-PVA nanofibers

he SF-PVA nanofibers were prepared using an optimized 

concentration of 10 wt.% SF-PVA solution. The purified and 

centrifuged solution of 3mL was loaded into a 5 mL syringe 

with a 26-gauze metallic needle. The electrospinning was 

performed at an electric field of 1.53 kV/cm and a constant 

flow rate of 0.5 ml/hour with the distance between the 

metallic tip and aluminium foil coated collector as 13 cm. 

Finally, the thick layered electrospunned nanofibers were 

collected on an aluminium foil and later used for material 

characterizations. 

III. RESULTS AND DISCUSSION

A. Material characteization studies

To study the crystallinity nature, XRD characterization
studies were performed on the as-prepared SF-PVA 
nanofibers. Fig. 1a shows the XRD spectrum with diffraction 
peaks located at 2θ values of 19.27o and 24.5o corresponding 
to the Silk-II and Silk-I structure, respectively, consistent with 
the literature [15]. The results reveal that the prepared 
nanofibers have a mixed structural composition with both 
amorphous and crystalline domains. To further understand the 
material's dominant nature, either crystalline or amorphous, a 
detailed quantitative analysis was performed on the XRD 
diffractograms of nanofibers using the XRD deconvolution. 
The percentage of crystallinity is calculated by the ratio of 
relative areas under Silk-II to the total area using the formula 
given in equation (1) 

% Crystallinity= (Aβ /AT ) Χ 100……..(1) 

where AT is the total area (amorphous and crystalline ) and 
Aβ is the area of crystallinity peaks under Silk-II and Silk-I. 

 The calculated percentage of crystallinity (beta sheets and 
beta turns) is approximately 29.78 %, significantly less than 
the amorphous structures. The obtained results suggest that the 
as-prepared SF-PVA-based nanofibers are very much 
amorphous and have better flexibility. To further examine the 
conformational changes in the secondary structures, FTIR 
spectroscopy was done on the SF-PVA composite-based 
nanofiber, represented in Fig 1b. The prominent peaks at 

wavenumbers 1227 cm-1, 1509 cm-1, 1620 cm-1 clearly 
confirms silk fibroin's presence with more alpha-helices than 
beta sheets comparable with the previous studies [16]. 
Moreover, it is expected that the addition of amorphous PVA 
to the pristine silk fibroin created several alterations in the 
secondary structure in the nanofibers might be due to the large 
amorphous domains of PVA. To better understand the 
percentage of secondary structures, a detailed Fourier Self 
Deconvolution (FSD) analysis was performed on both silk 
fibroin and SF-PVA nanofibers similar to our previous work 
[14] which is shown in table 1. The results unveil that the
percentage of alpha-helices in the SF-PVA nanofibers is more
than the silk fibroin, which coincides well with XRD analysis.

Material Alpha 
helices (%) 

Other secondary 
structure (%) 

Pure Silk 23 77 

Silk-PVA 32 68 

Table 1: Percentage alpha sheets calculated from the FSD analysis using 
Amide-I region of FTIR spectrum. 

Fig. 2 shows the Raman spectra of the SF-PVA composite, 
and the former active band primarily confirms the presence of 
random coils while the latter two active bands indicate the 
presence of the crystalline beta-sheets in the SF-PVA 
composite. The remaining active bands at wavenumbers 885 
cm-1, 1412 cm-1, 1547 cm-1 confirms the presence of PVA,
which matches well with the literature [17].

The morphological studies were performed on both the as-
prepared pure silk and SF-PVA composite which is clearly 
shown in Fig 3. Fig. 3a and 3b shows the low and high 
magnification images of pristine silk with very uniform and 
highly porous nanofiber mats with no droplets or beads  they 
were formed during electrospinning with an average diameter 

Fig. 2: Raman spectrum of Silk-PVA composite 

a) b) 

Fig. 1: (a) XRD plot showing both Silk-I and Silk-II structures (b) FTIR 

plot of SF-PVA.   



of 60 nm approximately. The low and high magnification 
images of the SF-PVA composite-based nanofibers are 
illustrated in Fig. 3c and 3d, which are very smooth, uniform, 
and highly porous similar to that of the pure silk. The SF-PVA 
nanofiber's average diameter was obtained as 75 nm, 
calculated using image J software. The inset of Fig. 3d 
histogram plot for the SF-PVA nanofibers is depicted the 
which suggests that the majority of the fibers have a diameter 
ranging from 40-60nm. 

B. Transient Studies

The solubility tests were performed on the pristine silk fibroin 

and different SF-PVA concentrations, shown in Fig. 4. 

Initially, the pure silk fibroin-based thin films and nanofibers 

were prepared using the CaCl2-FA based approach and were 

later used for the dissolution tests. From Fig. 4a, it was 

observed that the as-prepared nanofibers are insoluble in 

water due to the higher concentration of hydrophobic 

domains of amino acids. Fig. 4b shows the very smooth, 

lightweight, and mechanically flexible nanofiber-based film 

uniformly cut into a square shape of approximately 2 cm Χ 2 

cm size before immersion in DI water. Further, the 

dissolution tests were performed on the SF-PVA composites 

of different concentrations, i.e., 1 mg/mL, 1.5 mg/mL, 2 

mg/mL indicated as SF-PVA1, SF-PVA1.5, SF-PVA2, 

which are shown in Fig. 4c, 4d and 4e, respectively. 

Interestingly, all the composites dissolve quickly in both DI 

water and PBS in a short time of 30 seconds, 15 seconds, and 

2 seconds, respectively. The as-obtained results suggest that 

the increase in the concentration of PVA provides faster 

dissolution rates due to the hydrophilic nature of PVA, 

resulting in the conversion of the larger number of water-

insoluble hydrophobic to hydrophilic domains inside the SF-

PVA composites. Moreover, the low molecular weight of 

PVA further helps in faster dissolution owing to a higher 

degree of hydrolysis. As a comparison, the dissolution tests 

were performed on the PVA-based films, which were 

prepared using the spin coating at a spin speed of 2000 rpm 

for 30 seconds. The results indicated that the as-prepared 

PVA-based films were dissolved completely approximately 

after 5 minutes in DI water and PBS. The thickness of the 

PVA film is approximately 10µm after spin coating. 

 

 

 

IV CONCLUSION 

In summary, we have successfully prepared uniform, 
smooth, highly porous, flexible, and lightweight silk-PVA 
composite-based nanofibers, which can be explored for 
various electronic applications. Moreover, it was observed 
that the addition of the increasing concentrations of PVA 
resulting in the increased number of hydrophilic domains 
inside the silk Nano fibrils leading to more number alpha-
helices. Further, to understand the physical transiency 
property, water dissolution studies were performed on the as-
prepared silk-PVA films, which reveal that a higher 
concentration of PVA results in a quicker rate of degradation. 
Thus, the biocompatible and bioresorbable nanofibers can be 
used as an active or passive material for the upcoming 
biomedical and optoelectronic devices and pave the path 
towards e-waste reduction and future ultra-fast transient 
electronics.  
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Fig. 3. FESEM images (a) low magnification and (b) high magnification of 
pristine silk fibroin (c) and (d) low and high magnification images of SF-
PVA with inset showing the histogram plot showing the diameter of the 
nanowire of SF-PVA.   

Fig. 4: Dissolution tests with different concentration of PVA in the silk 

solution (a) pure silk fibroin (b) flexible Silk-PVA film (c) 1 mg/mL (d) 1.5 

mg/mL (e) 2 mg/mL concentration of PVA with different rate of 
degradations. 
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