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Silk, a natural biopolymer, is used for both textile and biomedical applications. Natural biopolymers are currently
being used in various fields such as tissue engineering, wound healing, and food packaging based on their intrinsic
qualities of safety, biocompatibility, and biodegradability, which make them the material of choice. Silk fibroin
proteins from the Antheraea mylitta wild silkworm are the least studied in the field of biomaterials. The f-sheet
structures found in non-mulberry silk fibroin protein improve its mechanical properties. The present study was
undertaken to regenerate water-soluble 4. mylitta silk fibroin to improve its applications and enhance fabrication
efficiency. The silk fibroin was regenerated by dissolving degummed silk fibers in calcium nitrate tetrahydrate salt
at 100°C for 3 h. The biophysical characterization of regenerated silk fibroin was carried out by X-ray diffraction,
scanning electron microscope, Therapeutic Goods Administration, Fourier-transform infrared spectroscopy, and
differential scanning calorimetry, confirming the indigenous aspects of the “regenerated silk fibroin (RSF)”. CD
spectra were employed to track o-helix to B-sheet conformational transition changes in RSE. MTT assays using

NIH3T3 fibroblast cells revealed that the RSF exhibited no toxicity and resulted in the proliferation of cells.

1. INTRODUCTION

The biopolymers such as collagen, cellulose, chitosan, silk, keratin,
and gelatin, which are available naturally, have become increasingly
popular in recent decades [1]. The novel qualities such as non-toxicity,
biocompatibility, and biodegradability that are present in natural
biopolymers enable them to be preferred over synthetic ones in many
different applications, such as tissue engineering, wound healing, and
food packaging. Silk, a natural biopolymer produced by silkworms, is
divided into two types: domestic (Bombyx mori) and wild (4. mylitta,
A. assamensis, P. ricini, etc.). Silk fibroin was commonly preferred
because it has toughness, biodegradability, and heat resistance [2]. The
mulberry and non-mulberry silkworms have distinct differences in
their amino acid and polypeptide sequences, resulting in some property
variations. The amino acid sequences (RGD) present in non-mulberry
silk fibroin include cell proliferation and cell attachment sites, making
it remarkably biocompatible and a popular choice among researchers
for biomedical applications [2]. The inherent hydrophilic, crystalline,
and B-pleated structures result in the protein’s insolubility in universal
solvents such as water. The challenges of dissolving and processing
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non-mulberry silk fibroin have resulted in limited applications of
fibroin in research. Many applications have previously utilized the
gel form of silk fibroin produced in the silkworm gland. Silk fibroin
extraction from silkworm glands is commercially unavailable [3].

In addition to other natural biomaterials, silk fibroin amino acid
sequences contain over 90% alanine, serine, and glycine. Silk fibroin
has been widely studied for its biomedical applications such as the
remodeling of tissues, wound healing, and drug delivery, where it can
be employed as a biomaterial, due to its complete biodegradability,
biocompatibility, and mechanical characteristics [4]. Silks are
appealing biomaterials due to their protein-based molecular structure,
which provides high in vivo biocompatibility in the medical field [5].
The mechanical adaptability of silks may be advantageous in the
fabrication of artificial teeth, blood arteries, and skin grafts. Silk fibroin
is increasingly used as a surgical thread due to its superior mechanical
and physical properties. Despite its superior biocompatibility,
applications of silk fibroin have been limited due to the intrinsic
biophysical orientation of amino acids, which makes dissolving and
further processing non-mulberry silk fibroin difficult. Chaotropic salts
such as lithium bromide and calcium chloride were used to destabilize
the proteins in the solution before dissolving B. mori silk fibroin.
Because of their high resistance to these chemicals, these salts have
issues dissolving 4.mylitta silk fibroin [6]. The primary appearance of
A.mylitta silk fibroin is an antiparallel B-sheet structure with H-bonding
chains through -NH and -C=0 groups [7]. Silk fibroin derived from
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A. mylitta is not completely dissolvable in the solvents often used to
dissolve natural polymers [2]. To circumvent this, we dissolved silk
fibers with non-toxic and biocompatible calcium nitrate tetrahydrate.
The regenerated silk fibroin (RSF) was biophysically characterized to
confirm its natural characteristics [8].

The concept of the study is to explore the properties of water-soluble
RSF, as well as its characterization and its greatly effect on the
structures observed in calcium nitrate tetrahydrate 4.mylitta fibroin
powder regenerated from cocoons. To characterize the biophysical
properties of RSF, different characterization techniques have been
employed. The biocompatibility and cytotoxicity of the RSF against
NIH3T3 fibroblast cell lines were tested through MTT assay. This
study aims to produce hydrophilic regenerated wild (4. mylitta) silk
fibroin from cocoons, which will enhance its medicinal applications.

2. MATERIALS AND METHODS

2.1. Materials

The Regional Tasar Research Station in Warangal, Telangana, India,
provided 4. mylitta cocoons and will be used for protein extractions.
Sigma supplied calcium nitrate tetrahydrate (Ca (NO,),"4H,0) and
sodium carbonate (Na,CO,). SERVAPORE® dialysis tube (MWCO
12-14 kDa) was selected to perform dialysis against demineralized
water. NCCS, Pune, provided NIH3T3 fibroblast cell lines. Cell
culture medium was prepared to contain DMEM -High Glucose
(Sigma), Sigma-Aldrich (India) provided fetal bovine serum,
3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium bromide
(MTT), DMSO, and PBS. 96-well plates for culturing of cells, CO,
incubator.

2.2. Methods

2.2.1. Degumming of silk fibers

Degumming of A. mylitta cocoons was performed according to a
previously established methodology [9]. The cocoons were weighed
at around 10 g, sliced into minute pieces, and cooked for 1 h at 100°C
in 250 mL of 0.02M Na,CO, solution. Thereafter, the fibrous material
was then treated three times for 20 min in 1 L of warm water before
drying for 12 h. For fibroin extraction, these degummed silk fibers
have been utilized [10].

2.2.2. Synthesis of dissolved and RSF

The resulting silk fibers were dissolved in calcium nitrate tetrahydrate
salt (1:80) in an oil bath at 80°C for 6 h with constant slow stirring. The
obtained solution was dialyzed against distilled water using pre-treated
dialysis tubing, and the water was replenished at regular intervals for
3 days. Finally, freeze-drying or lyophilization (LABFREEZ FD-
10 freeze drier) was utilized to keep the silk fibroin powder at room
temperature for a longer period of time [11].

2.2.3. Scanning electron microscopy

A scanning electron microscope was employed to observe the
morphological characteristics of the silk strand (JEOL J S M-I T
500). The silk fiber was vacuum coated with gold, and the scans were
obtained at a resolution of 200m with a voltage of 15 kV.

2.2.4. Fourier transform—infrared—ATR spectroscopy

FT-IR ATR spectroscopy was performed on the degummed fiber
and regenerated fibroin using a Nicolet iZ10, USA FT-IR-ATR
spectrometer. The resolutions of the spectral bands ranged from 4000
to 400 cm-1 [12].

2.2.5. X-Ray Diffraction (XRD)

The XRD was employed to confirm the structure and analyze the
crystallinity of both degummed silk fiber and RSF samples using a
Japan SmartlabSE Cu-Ko radiation (A1 - 5405980 nm) [13]. Scanning
was performed between the angle (20) from 5 to 70° with an applying
a current of 45 kV and a voltage of 40 mA [12].

2.2.6. Differential scanning calorimeter (DSC) measurement
The samples were subjected to DSC thermal scanning using the
Universal V4.5ATA Instrument at a heating rate of 10°C/min™ under
a nitrogen atmosphere (50 mL/min™") between the temperature ranges
from ambient temperature to 450°C [13].

2.2.7. Thermo gravimetric (TG) analysis

The samples were then subjected to TG analysis using the Universal
V4.5 ATA Instrument at a heating rate of 10°C/min™' under a nitrogen
atmosphere (50 mL/min™") over the temperature ranges from room
temperature to 450°C [13].

2.2.8. Circular dichroism spectroscopy

A J-815 CD spectrometer (JASCO, Japan) with a 1.0-mm path-
length cell at 28°C, a 4 s accumulating time, and a scanning speed
of 100 nm/min"' was used to measure the ellipticity of RSF solutions
containing 0.1 mg/mL"'. Under the same conditions, a blank solution
was measured and subtracted from the sample spectrum.

2.2.9. In vitro Cytotoxicity

To investigate the cytotoxicity of the samples, NIH3T3 fibroblast cells
were cultured in 96-well culture plates at a density of 1 x 10* cells per
well and were incubated at 37°C for 24 h. Thereafter, 10 uL of MTT was
added every 24, 48, and 72 h with the replacement of new media and was
incubated. Media containing only 10% FCS was used as a control [14].

A stock solution (100 uL/well') was employed to disintegrate the
formazan crystals which were developed in the cells. A microplate
reader (Model 550) was employed to record the OD at 570 nm (Bio-
Rad. Inc.). The relative growth rate was estimated using Eq. (1) and
cytotoxicity grading parameters were applied to assess cytotoxicity [15].

OD value of samples

OD value of negative control

3. RESULTS

3.1. Surface Morphology

Surface microstructural arrangement is essential in the development of
any biomaterial that will be employed in tissue engineering. Scanning
electron microscope was utilized to observe the surface morphology of
both degummed silk fibers and native A.mylitta cocoons [Figure 1][16].
The rough and aggregated look of natural undegummed silk fiber
[Figure 2a] is clearly visible due to the presence of sericin, whereas
total degumming [Figure 2b] is visible due to the complete removal
of sericin. When compared to the intrinsic undegummed silk fibers,
the surface microstructural arrangement of the degummed silk fibers
indicated full elimination of the sericin [12].

3.2. Structural Properties

3.2.1. FT-IR spectroscopy

The characterization of the RSF was done using FT-IR for
macromolecular conformation as shown in Figure 3. Structural
conformation silk protein was concluded by observing absorption
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Figure 1: Structural properties and applications of silk fibroin.

Figure 2: Surface microstructral behavior of (a) undegummed fiber and
(b) degummed fiber.
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Figure 3: Fourier transform-infrared spectra of silk fibroin and regenerated
silk fibroin.

bands of amide-I (1700-1600 cm™), amide-IT (1600-1500 cm™), and
amide-1IT (1300-1220 cm™) which are associated with the peptide
chain [17]. The distinctive C=0 stretching for amide-I at 1634 cm™' was
observed for degummed silk fibers in the spectra [18], it also showed
secondary N—H bending at 1542 cm™! for amide-II and at 1236 cm™,
the presence of characteristic C-N stretching for amide-III was
detected [19]. The RSF spectra showed a characteristic C=0 stretching
band at 1642 cm™! for amide-I which is due to the B conformation,
the secondary N-H bending band was seen at 1542 cm™! for amide-II,

which may be because of random coil conformation, whereas amide-
III C—N stretching was observed at 1253 cm [Figure 1 and Table 1].
The two absorption bands observed at 3438 and 2922 are due to the
vibrations of the free OH and NH stretching, respectively [20].

3.2.2. X-ray diffraction

The secondary structure depicted by the FT-IR-ATR was further
confirmed by the XRD studies. The XRD patterns of both degummed
silk fibroin (SF) and RSF were examined to detect the variations
in the crystalline structure. The XRD pattern helps to predict and
confirm the c-helix and B-sheet structure with Cu Kot radiation [21].
The degummed silk fiber had a sharp f-sheet structure diffraction
peak at 16.45 and 20.31, whereas the RSF had a high-crystalline
[-sheet structure peak at 20.95°, as shown in Figure 4 below [22].
The XRD analysis showed similar crystalline structures as degummed
fibers in RSF. XRD study proved that both RSF and degummed silk
fibroin have B-sheet structures. The crystallinity structure of silk is
determined by its B-sheet composition. The major peaks on the XRD
curves of degummed fiber at 16.45° and 20.31° indicate an intense
[-sheet structure. The diffraction peak in regenerated fibroin’s $-sheet
high crystalline structure is around 20.95°.

3.2.3. Differential scanning colorimetry

DSC instrumentation study was conducted to investigate the thermal
capability of both degummed SF and RSF [Figure 5]. During the
first run, two endothermic peaks were observed for the sample: the
first is broader and centers at around 54°C for degummed silk fiber
and 70°C for RSF, whereas the second is sharper and centers at
approximately 360°C for both degummed silk fiber and RSF [23]. The
[-sheet transition confirmation from random coil conformation could
be attributed to higher temperature endothermic peaks, whereas the
water loss observed in the DSC run was depicted by lower temperature
endothermic peaks in Figure 5 [24].

3.2.4. Thermogravimetric analysis

The thermograms of degummed fiber and RSF are displayed in
Figure 6. The samples RSF and degummed fibers showed initial
weight loss at around 100°C, because of the evaporation of physically
bonded water vapors from SF and RSF [25]. Both the samples
exhibited almost similar moisture content. The Therapeutic Goods
Administration (TGA) curves indicate that as temperature increased,
the samples attained thermal stability up to 275°C, also depicting a
sharp drop, indicating the initial thermal decomposition along with
faster weight loss [26]. The second degradation occurred at 370°C for
both degummed fiber and RSF. This significant breakdown resulted
from both the breakage of the peptide link and the degradation of the
remaining polymeric backbone of the amino group [26]. After a number
of extraction techniques, the current study revealed that regenerated
fibroin has the same thermal strength as degummed fiber [26]. TGA
study corroborated the thermal stability of both degummed fiber and
regenerated fibroin.

3.2.5. CD spectroscopy

A circular dichroism spectroscopy investigation further validated the
RSF’s structural modifications. The RSF sample’s spectra revealed
a negative band at 220 nm, indicating a (3-sheet structure [27], and
the shift from random coil to B-sheet form was evidenced in RSF’s
structural conformation [28]. The presence of B-sheet structure in the
RSF was revealed by CD spectra [Figure 7].

3.2.6. Cell toxicity
Silk fibroin, as a potential wound dressing material, should encourage
cell proliferation and differentiation. MTT assays were utilized
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Figure 4: X-ray diffraction patterns silk fibroin and regenerated silk fibroin.
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Figure 5: Differential scanning calorimeter thermograms of silk fibroin and
regenerated silk fibroin.

to analyze the in vitro cytotoxicity of silk fibroin against NIH3T3
fibroblast cell lines [29]. The cell viability at 24, 48, and 72 h was
over 80% for all concentrations up to 100 ug/mL, demonstrating
silk fibroin’s non-toxic and high bio-compatibility with cells [30].
This finding showed that the silk fibroin not only had high bio-
compatibility but also had a favorable effect on cell growth, proving its
biocompatibility properties [31]. The cell toxicity findings [Figure 8]
indicate that the regenerated 4. mylitta silk fibroin is non-toxic and has
the potential to be advantageous in biomedical applications.

4. DISCUSSION

The degummed silk fibers’ surface morphology exhibited entire
eradication of sericin as compared to the natural undegummed silk
fibers [12]. FT-IR corroborated the [-sheet structures of A. mylitta
degummed silk and RSF. The existence of amide groups is responsible
for the attribute amide-I (C=O stretching) in silk proteins, which
gave a distinct vibration band around (1700-1600 cm™), whereas
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Figure 6: Thermogravimetric curves of silk fibroin and regenerated

silk fibroin.
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Figure 7: CD spectrum of regenerated silk fibroin.

amide-II (N-H bending) bands were observed around (1600-1500
cml), and amide-III (C-N stretching) bands were observed around
(1300-1200 e¢m™) [17]. The existence of a hydrogen-bonding NH
group was depicted by these all-characteristic absorbance peaks. The
RSF’s FT-IR spectra revealed significant absorption peaks at 1642,
1542, and 1253 cm™' [20].

The B-sheet structure of both RSF and degummed fiber was validated
by XRD. The silk fibroin’s crystallinity is affected by [-sheet
composition. The intense peaks on the XRD curves of degummed
fiber at 16.45° and 20.31° indicate an intense [-sheet structure [21]. In
regenerated fibroin, the B-sheet high-crystalline structure was noticed,
with a diffraction peak at 20.95° [22]. RSF is thought to have slightly
less crystallinity than raw SF. This result shows that the calcium nitrate
treatment did not affect the SF’s B-sheet structure. This result is largely
in line with the earlier study. [32]. On the other hand, the DSC studies
revealed that the minimum thermal decomposition temperature for
degummed silk fiber is at 54 °C and for RSF is at 70 °C. The increase
or decrease in thermal degradation may be due to specific preparation
procedures and thermal treatment [23]. Furthermore, the accumulation
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Figure 8: Cell toxicity of regenerated silk fibroin.

Table 1: Adsorption band positions of Degummed fibers and RSF.

Absorption Wavenumber (cm™)

[t Degummed fibers RSF
Amide-I 1634 cm™! 1642 cm™!
Amide—II 1542 cm™ 1542 cm™
Amide-IIT 1236 cm™! 1253 cm™!

RSF: Regenerated silk fibroin

of Ca atoms on the SF caused a shift in the endothermic peak of the
RSF. These findings are consistent with previously reported DSC plots
of sodium carbonate regenerated SF [33].

Both degummed fiber and regenerated fibroin retained their thermal
stability which was confirmed by TGA analysis. CD spectra revealed
the existence of P-sheet structure in the RSF [28]. The cytotoxicity
of the RSF revealed maximum cell viability because 4. mylitta silk
fibroin has a larger amount of glycine, which enhances cell adhesion
and cell growth of L929 fibroblast cells. These results are consistent
with the earlier reports [12,34,35]. The regenerated silk fiber seems to
have higher thermal stability than the degummed fiber after a sequence
of extraction processes. The findings suggested that the regenerated
fibroin has more crystalline regions (f-sheets) than the other, which
can increase the stability of drugs or therapeutic proteins, hence
improving their activity [26]. The qualities of RSF met the demands of
the current materials, leaving behind the synthetic polymer materials
that have been used for decades.

Dissolvable stitches, devices for drug delivery, and fiber-based tissue
devices that make use of silk proteins’ mechanical characteristics will
be developed in the future and may be employed for ligament and bone
repairs; they may become increasingly common in the future [29].
Silk-based materials have the potential to develop a multifunctional
material platform that integrates with the biological system in health
care and commercial applications [31].

5. CONCLUSIONS

Our findings support the idea that biophysical characteristics and
protein conformation are connected. According to FT-IR studies,
the material’s structure was primarily random coil conformation

with a B-sheet structure. An XRD study revealed the crystallinity
of the RSF. The TGA study exhibited remarkable thermal stability.
The RSF’s conformational changes from random coil to [-sheet
form were revealed utilizing CD spectra. The MTT results also
showed that the silk fibroin not only had high biocompatibility but
also had a favorable effect on cell growth, revealing that it is a good
biomaterial. The findings suggested that the regenerated fibroin has
more crystalline regions (B-sheets) than the other, which can increase
the stability of drugs or therapeutic proteins, hence improving their
activity. The qualities of RSF met the demands of current materials
used, leaving behind the synthetic polymer materials which are being
used for decades and can be used as a biomaterial in the field of tissue
engineering, wound healing, etc.
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