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Development of Multifunctional Silk fibroin - polycaprolactone Based 

Electrospun Nanofiber for Tissue Regeneration 

 

1. Abstract:  

Bombyx mori silk cocoon derived Silk fibroin (SF) is a natural polymer which have good 

quality of mechanical and elasticity properties with several therapeutic efficacy such as tissue 

regeneration, wound healing, antibacterial etc. In this present era, SF is broadly used in novel 

drug delivery system (NDDS) due to its easy purification, good biocompatibility, low 

immunogenicity and less reaction with loaded drugs. Since last few years, electrospun 

nanofiber is an emerging scaffold development technique in biomedical application due to its 

following properties, such as high surface area, less use of chemical cross-linking agent, high 

processability to incorporate different therapeutic agents to modify their functional properties. 

Here, in this study, green synthesized reduced graphene oxide (RGO), silver nanoparticles 

(AgNPs) and   Calendula officinalis mother tincture have incorporated in the water in oil (W/O) 

emulsion of biodegradable aliphatic polyester polycaprolactone (PCL) and SF to fabricate 

nanofiber by electrospinning technique. In this study, incorporated RGO nanosheet has 

prepared by one pot green synthesis method with the help of C. officinalis mother tincture 

extract from graphene oxide (GO) which has confirmed by the obtained FTIR, XRD and 

RAMAN peak and morphological image of SEM and TEM. This green synthesized RGO has 

also shown a promising biocompatible, antibacterial and cell proliferation properties as a 

therapeutic agent. ATR-FTIR, XRD, SEM, UTM, contact angle analysis, swelling index, in 

vitro biodegradability studies of nanofibers have shown good physiochemical and mechanical 

properties. Antibacterial (E. coli and B. subtilis) and cell proliferation properties (L929, mouse 

fibroblast cells) have compared among RGO, C. officinalis mother tincture and AgNPs doped 

nanofibers where 1% AgNPs doped SF- PCL based NF has shown a promising result. 

 

Key words: Silk fibroin, green synthesis, Reduced graphene oxide, PCL, tissue engineering 
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Graphical abstract (A) One pot green synthesis of RGO (B) Green synthesized RGO, AgNPs 

and C. officinalis mother tincture doped SF-PCL Based Electrospun Nanofiber 
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2. AIMS & OBJECTIVES 

Aim: 

One pot green synthesis of RGO from GO with Calendula officinalis mother tincture and 

Fabrication of Multifunctional Silk fibroin - polycaprolactone Based Electrospun Nanofiber 

for Tissue Regeneration with doping one pot green synthesized Reduced graphene oxide 

(RGO), Silver nanoparticles (AgNPs) and Calendula officinalis mother tincture 

Objectives:  

• One pot green synthesis of Reduced graphene oxide from graphene oxide (GO) by using 

C. officinalis mother tincture as green reducing agent and evaluation its physiochemical 

characterization, antibacterial assessment against E. coli and B. subtilis bacterial and 

invitro biocompatibility evaluation of green synthesized RGO to L929 mouse fibroblast 

cell. 

• Isolation of silk fibroin protein from Bombyx mori silkworm cocoon and determination 

its molecular weight and physiochemical characterization. 

• Fabrication of Silk fibroin- PCL based electrospun nanofiber. 

• Comparative antibacterial assessment against E. coli and B. subtilis bacteria and in vitro 

cytocompatibility study of green synthesized Reduced graphene oxide (RGO), Silver 

nanoparticles (AgNPs) and Calendula officinalis mother tincture doped SF-PCL based 

electrospun nanofiber along their physiochemical characterization. 
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3. Emergence of use of B. mori silk cocoon derived silk fibroin to 

prepare scaffold 

 

To fabricate the bone grafts and other scaffolds can benefit from a number of potential uses for 

B. mori silkworm cocoon derived silk fibroin. In terms of biological and physical 

characteristics, such as biocompatibility, biodegradability, and mechanical flexibility, SF is a 

desirable material to employ for bone grafts. Several research on this application have been 

done, and the outcomes are encouraging. Studies have revealed that using silk fibroin as a 

scaffold helped diverse cell types adhere to one another, proliferate, and differentiate. 

According to one study, for instance, enhanced new bone formation was observed six weeks 

after silk fibroin was used as a scaffold material for bone regeneration. Furthermore, a study 

contrasting autografts and silk-based bone grafts discovered that the silk-based NF has greater 

osteogenic activity and tissue regeneration. 
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4. Statement of the Problem 

In biomedical application fabrication of antibacterial therapeutic agent loaded silk fibroin- PCL 

nanofiber is a process that involves the production of extremely small fibers composed of silk 

fibroin and polycaprolactone (PCL) polymers using nanofabrication techniques. These 

nanofibers can be used in various biomedical applications, such as tissue engineering, drug 

delivery, wound healing, and skin grafts. They possess superior antibacterial properties due to 

the presence of both silk and PCL, which make them highly desirable for such applications. 

The fabrication process involves the use of a variety of methods, including electrospun 

nanofibers, atomic layer deposition (ALD), and surface modification with functional groups, 

which can be used to customize the properties of the nanofibers to suit specific biomedical 

purposes. The high degree of control over the structure and composition of the nanofibers 

makes them ideal for use in biomedical applications where precision, accuracy and 

reproducibility are essential. 

Here, one another aim was to synthesis RGO in green synthesis method. Green synthesis of 

graphene-based materials, such as reduced graphene oxide (RGO), is becoming increasingly 

popular due to its low cost, scalability, and environmental friendliness. Green synthesis 

methods are typically based on the conversion of biomass by-products such as plant materials 

or food waste into high-performance nanomaterials. RGO has various potential applications in 

areas such as energy storage, environmental protection, biomedical applications, catalysis, and 

electronic devices. Green synthesis methods can offer improved yields and superior control 

over charge transfer properties compared to traditional chemical-based production methods. 

Additionally, green synthesis can be conducted under mild reaction conditions, reducing energy 

expenditure and the risk of environmental contamination.  
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5. Delimitations of the Terms Used of the Study 

One pot Green Synthesis of RGO 

• Green synthesis of RGO requires a limited range of biodegradable precursors, which 

makes the process limited in terms of chemical composition and structure. 

• Green synthesis cannot achieve nanoribbon-scale thickness and is limited to the 

production of relatively thick graphene samples.  

• The lack of precise control over reaction parameters can result in defects and impurities 

in the graphene samples, as well as an unpredictable rate of defect formation.  

• The green synthesis route is limited in terms of scalability, making it difficult to produce 

large quantities of graphene. 

Fabrication of SF-PCL Based Electrospun Nanofiber 

• Electrospun SF-PCL based nanofibers have limited production scalability and are 

therefore suited only to small-scale applications.  

• The manufacturing process for electrospun SF-PCL based nanofibers is expensive and 

time consuming. 

• Electrospun SF-PCL based nanofibers are sensitive to environmental changes, such as 

humidity, temperature, and pH, which may affect their structure and properties.  

• The morphology, size, and composition of the nanofibers cannot be easily controlled.  

• There is limited data available on the toxicity of electrospun SF-PCL based nanofibers. 

Use of Antibacterial Dopants Loaded SF-PCL Based Nanofiber 

• Antibacterial dopant may reduce the fiber diameters of electrospun nanofiber, making 

them difficult to use in certain applications.  

• The high cost of antibacterial dopant might limit its use in some projects.  

• The current market availability of antibacterial dopants is limited, meaning they may 

not be suitable for large-scale production processes.  

• The effectiveness of antibacterial dopant on silk fibroin PCL based electrospun 

nanofiber is not yet fully established or understood, and further research is required.  

• There is a risk that the presence of antibacterial dopant could have unintentional effects 

on the properties of the nanofiber. 
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6. Hypothesis of the Study 

• One pot green synthesis of RGO can be achieved by using various eco-friendly 

reactants and solvents combined with an effective reaction condition that maximizes 

the formation of graphene oxide sheets. This process can be used to reduce or replace 

traditional chemical methods for the synthesis of graphene oxide, thereby reducing 

environmental impacts and cost. 

• The fabrication of silk fibroin PCL based electrospun nanofiber will result in a strong 

and durable material with properties suitable for various biomedical applications. Our 

hypothesis is that an electrospun nanofiber material composed of silk fibroin and 

polycaprolactone (PCL) will demonstrate enhanced antibacterial efficacy when 

compared with the individual components of silk fibroin and PCL. 

• Incorporation of an antibacterial dopant in silk fibroin PCL-based electrospun 

nanofibers will show a significant reduction in the growth of bacterial colonies on 

treated samples compared to non-treated controls. 
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7. Introduction:  

In this 21st century, as a novel drug delivery system (NDDS) use of nanofiber is an emerging 

trend in biomedical and pharmaceutical research. The diameter of nanofiber is responsible for 

physiochemical, mechanical and biological properties, such as cell adhesion, cell attachment, 

cell migration on the nanofiber mat (Narayanan et al., 2015). Due to large surface area, it has 

broad applications in biomedical research, such as wound healing, tissue engineering (Chen 

and Lin, 2020). 

In tissue engineering, biomaterials are broadly used to regenerate tissues of skin, blood vessels, 

internal organs, bone and cartilages due to their structural, biocompatible, mechanical and 

therapeutic properties. (Mollaghadimi, 2022) Natural biopolymers, such as silk fibroin, elastic 

fiber, gelatine, collagen fiber, hyaluronic acid is widely used to prepare extracellular matrix 

ss(ECM) for their good biocompatibility, mechanical properties and controlled drug release 

properties. (Shiroud Heidari et al., 2023) Among those, Bombyx mori silkworm cocoon derived 

silk fibroin (SF) protein also used to prepare nanofiber for its biocompatible, physiochemical, 

mechanical, cell adhesion, proliferation of fibroblast cells, (Cai et al., 2002), mesenchymal 

cells, osteoblast cell (Luo et al., 2022). There is glycine (46%), serine (12 %), alanine (30%) is 

present in silk fibroin heavy chain which act as reactive functional groups (Qi et al., 2017a) 

and leucine, isoleucine, valine are present in light chain (Shimura, 1983). Both of these heavy 

chains (390KDa) and light chain (26 kDa) are linked together with disulphide bond.  

Through degumming method, SF (M.W. 10-250 kDa) can be regenerated by removing coated 

hydrophilic protein sericin (20-310 kDa).   

 To overcome the low flexibility due to presence of high amount of  β sheet of regenerated silk 

fibroin electrospun nanofiber (NF) and increase hydrophilicity, synthetic degradable polymers 

are blended with silk fibroin solution to fabricate nanofiber  (Chutipakdeevong et al., 2015). 

Here, in this study SF-PCL based electrospun has fabricated where as a dopant green 

synthesized RGO, silver nanoparticles (AgNPs) and C. officinalis mother tincture were used 

and cell proliferation and antibacterial properties of those fabricated nanofibers has studied.  

As a copolymer with silk fibroin biodegradable aliphatic polymer PCL has used. PCL 

nanofibers have been used in biomedical applications due to their properties such as 

biocompatibility, electro spinnability and non-toxicity. Possible uses include wound healing 

dressings, drug delivery systems, and scaffolds for regenerative medicine. PCL nanofibers are 
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also used as a substrate for cell culture, as they provide support for cells and proteins, allowing 

for better attachment and growth. Additionally, PCL nanofibers can be combined with other 

materials to create composite nanofiber scaffolds for tissue engineering. Furthermore, PCL 

nanofibers have been used in a variety of textile applications such as protective apparel, active 

sportswear, medical textiles and air filtration media. In addition, they are also used in the 

semiconductor industry for a variety of applications including photonic devices and insulation 

components. It has the potential to provide a moist healing environment while promoting tissue 

growth. PCL shows good antimicrobial and cell-friendly properties as well as a high levels of 

biodegradability and biocompatibility. Research has shown that using PCL as a wound dressing 

can stimulate faster tissue regeneration, reduce scarring, and promote faster healing. 

Graphene is a 2-dimensional, honeycomb-like sp2 bonded carbon-based nanomaterial 

(Perreault et al., 2015) (Bharech and Kumar, 2015). The expanding use of nanomaterials in the 

fields of biomedical research, graphene and graphene-based derivatives like graphene oxide 

(GO), reduced graphene oxide (RGO) is one of the emerging topics of research due to their 

properties (Mbayachi et al., 2021).These biocompatible nanomaterials have taken top priority 

based on their sustainability and extensive applications in several fields like biomedical science 

(Guo et al., 2011), mechanical, electrochemical, pharmacological and environmental fields. 

Due to highly demand of graphene derivatives GO and RGO, global industry is focusing on 

the requirement of cost effective and eco-friendly synthesis methods from commercial 

graphite.   In tissue engineering, RGO has broad applications, such as biosensor to check 

Acetylcholinesterase (AchE) level which cause different neurodegenerative disorders. (Yan et 

al., 2021)  

Graphene derivatives can be synthesized since several years by the following procedures such 

as electrochemical methos, chemical vapour deposition, hydrothermal method, mechanical 

exfoliation, tour method. Due to drawbacks of these methods included instrument constraints, 

high energy prerequisite, use of lots of synthetic chemicals and low yield researchers are trying 

to establish a cost effective, eco-friendly method for the synthesis of RGO.  

Reduced graphene oxide (RGO) has emerged as a promising material in various applications 

due to its remarkable optical, electrical, and mechanical properties. In chemical methods, 

lithium aluminium hydride, sodium borohydride and hydrazine monohydrate have been used 

as reducing agents to synthesis RGO from GO (Ambrosi et al., 2012). So, this green synthesis 

method is an emerging eco-friendly and facile alternative method for chemical reduction to 

overcome the above-mentioned limitations. The green synthesis of rGO is considered to be a 
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better alternative over traditional chemical and physical methods which involves the use of 

strong reducing agents and large amounts of energy. Several green routes have been explored 

for the production of rGO such as electrochemical exfoliation, hydrothermal reduction, 

carbonization of plant biomass, microwave-assisted exfoliation, sonication-assisted reduction, 

biological reduction using microbes, etc. For instance, the combination of microwaves and 

ultrasound has been used to reduce graphene oxide (GO) to rGO under mild conditions. 

Different green agents have reported to reduce the GO into RGO include aloe vera, lemon peel 

(Zhang et al., 2010)  , neem leaves, bougainvillea flower, mango, epigallocatechin-3-O-gallate 

(EGCG) (Kang et al., 2023), calendula flower as well leaves, Capparis spinosa fruit extract 

(Zarei et al., 2021).  For example, Vitamin C was used as green reducing agent for the 1st time 

to produce graphene which shows all desired physiochemical properties (Gao et al., 2010). 

Wang et al. reported that the chemical interaction between GO and polyphenol group of green 

tea is able to synthesis of reduced graphene oxide bio composite (Wang et al., 2011).   

There are different medicinal plants which have pharmacological uses. From the ancient times, 

human is used traditional medicine. As example, Calendula officinalis has been used as wound 

healing agent.  In European country, C. officinalis leaves extract has been used as expectorant 

and diaphoretic where the flower extract used as antispasmodic and stimulant. Decoction of C. 

officinalis petal extract is used to reduce menstrual flow, menstrual irregularities (Muley et al., 

2009) and to treat constipation, haemorrhoids, peptic ulcers, internal organ (oral and 

pharyngeal) inflammation (Arora et al., 2013).   

Among different green reducing agents in this study, Calendula officinalis mother tincture has 

selected as green reducing agent due to its biocompatibility, antibacterial, coagulative, wound 

healing properties. In this study Calendula officinalis L. (Family: Asteraceae) 41 % (v/v) 

mother tincture has been used for one pot green synthesis of RGO. In this study, 

Physiochemical properties, antibacterial, cytotoxicity study has been performed of this green 

synthesized RGO.  The phenotype morphological characteristics have also been studied with 

live-dead assay, FITC-DAPI staining to evaluate its non-cytotoxic characteristic as a 

therapeutic agent in tissue engineering.  

In recent years, researchers have studied the potential of combining silver nanoparticles with 

silk fibroin PCL nanofiber to create a material with antibacterial properties. Studies have shown 

that the combination of these two materials can be effective at inhibiting the growth of various 

bacteria, such as Escherichia coli and Staphylococcus aureus, Bacillus subtilis. Furthermore, 
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the silver nanoparticles also provide a sustained release of silver ions which can prolong the 

antimicrobial effects of the material. The material can also be tailored to release different 

concentrations of silver ions depending on the application, allowing for greater flexibility in its 

use. This combination of materials could prove to be a powerful tool in the fight against 

bacterial infections. 

Silver nanoparticles incorporated in silk fibroin/polycaprolactone (PCL) nanofibers have been 

found to possess pro-proliferative properties as confirmed by various studies. These nanofibers 

have shown potential for use in tissue engineering applications as they can provide a 3D 

microenvironment for biomaterials and cells. Studies have demonstrated that silver 

nanoparticles incorporated into silk fibroin/PCL nanofibers can modulate the cell adhesion, 

proliferation, and morphology. Furthermore, these nanofibers can also reduce cytotoxicity of 

silver nanoparticles, thereby promoting cell growth. The capability of silver nanoparticles to 

promote cell proliferation may be attributed to their ability to prevent bacterial infections and 

to release silver ions, which can accelerate cell metabolism. Additionally, silver nanoparticles 

incorporated into the silk fibroin/PCL nanofibers can also interact with the cell receptors 

present on the cell membrane, thus promoting cell proliferation. 

Green synthesized RGO from GO with help of Calendula officinalis mother tincture was 

confirmed by characterization of peak provided of FTIR, XRD, RAMAN and morphological 

study of SEM and TEM image. It also shown hemocompatibility, non-cytotoxic to mouse 

fibroblast cell L929 which was more evaluated by FITC-DAPI staining study and Live-Dead 

assay.  

From the SEM image of fabricated nanofibers’ diameter, it was seen all diameters are below 

1000 nm which indicates a good nanofiber profile. ATR-FTIR study, XRD study, contact angle 

measurement, in vivo biodegradation study, swelling index study confirmed about the 

physiochemical properties. UTM study shown a good mechanical property of these fabricated 

nanofibers through its ultimate strain, young modulus.  

From the comparison study among green synthesized RGO, Silver nanoparticles (AgNPs), C. 

officinalis mother tincture and both of RGO-Ag doped SF-PCL based nanofibers group SF-

PCL-1Ag nanofiber shown a good antibacterial against gm negative bacteria E. coli and gm 

positive bacteria B. subtilis and in vitro cell proliferation properties on L929 cell.  

As future study, cell morphological study, wound healing efficacy and in vivo studies can be 

done. 
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8. Literature Review 

8.1 Emerging Use of Bombyx mori Silkworm Cocoon Derived Silk Fibroin 

Protein for Nanofiber Fabrication 

Biomaterials take an emerging role in biomedical and pharmaceutical research for their 

therapeutic efficacy in tissue engineering, regenerative medicine, and wound healing. Desirable 

biocompatible, physiochemical, biological, mechanical properties, and therapeutic efficacy has 

increased their demand in biomedical research as wound dressing materials, bioactive 

scaffolds, composites, and matrix. Artificial skin graft to replace or regenerate injured tissue, 

novel drug delivery system (NDDS)(Lutolf and Hubbell, 2005) . The silk fiber is a protein 

biopolymer that derived from natural sources like variant species like silkworms, native 

spiders, scorpions, and mites that create variations in composition as well as amino acid 

sequences, primary structure, and biological, physiochemical properties also(Gh et al., 2003) . 

Bombyx mori (B. mori) silkworm family is the domestic variety of mulberry silk which cocoon 

emanated silk fiber is the mostly used for biomedical research purposes (Gupta et al., 2021). 

Silk cocoon is the shelter of silk worm during metamorphism period of their life cycle 

developed by silkworm by spinning the silk fibres(Kundu et al., 2012). 

Due to biocompatible physiochemical and self-wound healing and tissue regeneration   

properties, B. mori derived silk fibroin (SF) has broad applications as a protein biopolymer in 

tissue engineering. Degradation time is one of the most essential perquisite characteristics for 

a tissue regenerating and wound healing material. Metabolism and excretion are safe of the SF 

scaffold for human (Kundu et al., 2013).  

Degumming method is used to remove sericin protein from the raw B. mori silk worm cocoon 

to extract pure SF. Sericin is a group of soluble glycoproteins secreted from the middle silk 

gland of B. mori which cover the core protein SF in the cocoon, like a filament and take 30 % 

weight of silk worm cocoon(Craig and Riekel, 2002) . After removing this adhesive sericin 

protein, SF can easily dissolve in aqueous solution for further use. In this 21st century silk 

sericin and SF both are used in wound healing and tissue regeneration applications for their 

chemical composition with highly biocompatible physiochemical, mechanical, biological 

properties (Rockwood et al., 2011a). The molecular weight of silk fibroin depends on following 

parameters, such as temperature, chemical and time used for degumming. Due to 

biocompatible, bioresorbable, non-immunogenic silk fiber has been used in wound healing 
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applications as dressing material and tissue engineering since ancient times (Vepari and Kaplan, 

2007).  Inherent properties of SF show wound healing efficacy by cell migration and 

proliferation (Park et al., 2018). Skin is the largest organ of our body which acts like a barrier 

of internal organs by giving protection from external environment and harmful pathogens. 

Disruption of the structure and function of healthy skin tissue is responsible for wound where 

wound healing and tissue regeneration is needed (Clark et al., 2007) . Though skin has self-

healing property, but several wounds like diabetic wound, burn injuries, deep wounds and a 

large portion of wound need to depend on bioactive wound dressing material, bioartificial grafts 

for healing treatment.     In this 21st century, several studies have proved that silk is good choice 

for development of bioartificial skin graft  (Chouhan et al., 2017a). Use of different antibiotics, 

bioactive ceramic materials, glass, different growth factors and phytocompounds show 

synergistic effect in wound healing and tissue regeneration treatment. 

Wound healing mechanism is a complicated mechanism of action which is followed by 

interaction with different cells, matrices, overlapping inflammation phases, tissue regeneration 

and remodelling. In the first phase of wound healing, immune system prevents the blood loss 

by activating inflammatory pathway, coagulation cascade. Neutrophils and macrophages 

prevent infection by removing the pathogen through phagocytosis and producing different 

growth factors and cytokines (Midwood et al., 2004) . The second phase follow through the 

angiogenesis, re-epithelization, tissue configuration, matrix -collagen deposition and wound 

contraction (Gurtner et al., 2008).  Remodelling of the phase can extent from few weeks to a 

year or more than that(Stadelmann et al., 1998) .  

For tissue engineering and wound healing purposes, different bioactive scaffolds such as films, 

nanofilms, hydrogel, nanoparticles, mats, foams are prepared with silk fibroin (Rockwood et 

al., 2011b) . Inclusion of nanoparticles of inorganic salts, metal ions, ceramic materials and 

other therapeutic agents show synergistic efficacy of silk fibroin scaffold by improving the cell 

adhesiveness, tissue remodelling, antimicrobial effect, anti-cytotoxic effect, 

immunomodulation and biostability (Kim et al., 2012) .  Advantages of the use of silk fibroin 

to prepare tissue regeneration scaffold for its standard mechanical properties including 

strength, tenacity (Ahmadi et al., 2022) . The phase interaction between silk fibroins and other 

materials depends on week Vander walls forces, electrostatic attractions and hydrogen bonds 

also which shows effects on mechanical performances, physiochemical properties and 

following biological properties also biocompatibility, host response modulation and tissue 
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regeneration. Sometimes strong interactions such as ionic and covalent bonds are also seen 

between silk fibroin and other phases (Park et al., 2020) .  

In 2019, solubilized SF scaffold Silk Voice of Sofregen Medical, Inc. Medford company, got 

the U.S. Food and Drug Administration (FDA) approval as commercial use (“Sofregen 

Receives 510(k) Clearance for Silk Voice® - The First and Only Natural Silk Protein Injectable 

Product for Tissue Bulking,” 2019) . SF-hydroxyapatite (SF-HA) injectable filters, a NDDS is 

used for vocal cord augmentation (Brown et al., 2019) . SERI, a surgical SF based scaffold also 

got the 510(k) clearance by the US-FDA as a promising resorbable bioengineered material for 

use in reconstructive surgery (Kijanska et al., 2016) .  

Here, the research works of B. mori silk worm cocoon derived silk fibroin-based bio artificial 

grafts such as scaffold, nanofilm, composite, films, matrix, hydrogel and other devices for 

wound healing and tissue regeneration purposes have been discussed. In this review preparation 

process, physiochemical, mechanical, biological properties, synergistic effects of incorporation 

of other bioactive materials such as ceramic, synthetic and natural therapeutic agents, nano 

particles of metal ions, targeted cells and mechanism of action for wound healing and tissue 

regeneration have been described. In this review, clinical studies of silk fibroin based 

bioartificial grafts with their performances and future aspects for tissue engineering and wound 

healing properties have been discussed.  

 

8.2. B. mori silkworm derived Biopolymers Sources, Structures and 

Properties  

  

8.2.1 Sources of Silk:  

As a biopolymer silk has taken an emerging role in this 21st century for its own tissue 

regeneration properties. There are more than 200000 different arthropods exist in nature who 

[provides silk by biosynthesis of their epithelial cells (He et al., 2013). Different natural sources 

such as silk worms, spiders, bees, mats derived silk biopolymer are used for the preparation of 

wound dressing material and tissue regenerations scaffolds. Different sources of silk create 

variations in their molecular weight, chemical constituents, primary sequences, amino acid 

sequences and structural properties also.  

According to the shelter and feeding habits of silkworms, there are two classes such as mulberry 

and non-mulberry silkworms.  (Song et al., 2021) Those silkworms feed mulberry silk; they 
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are called mulberry silk. Mulberry silk is generally produced by domestic silkworm family B 

mori. Others families like Tussar (Antheraea mylitta), Eri (Philosamia ricini/Samia ricini), 

Muga (Anthrraea asana/assamensis) are belong in non-mulberry silk or wild variety of 

silkworms. (Naskar et al., 2014) 

In non-mulberry silk, the abundant Arg-Gly-Asp motif acts as a ligand for integrins and 

provides a good cell adhesion and proliferation mechanism. (Zuluaga-Vélez et al., 2021) Silk 

fibroin derived from non-mulberry silk is also highly hydrophobic than mulberry silk that is 

responsible for an excellent mechanical stability as a biopolymer. (Chouhan et al., 2017b) There 

are 75–83.3% SF and 16.7–25% of sericin are present in B. mori silkworm cocoon.  (Sun et 

al., 2021)  Semicrystalline proteins with self-healing and tissue regeneration characteristics 

include silk fibroin. It is utilised to prepare bioartificial skin grafts and scaffolds as well since 

it has the appropriate physiochemical, mechanical, and therapeutic properties. (Vidya and 

Rajagopal, 2021a) Sericin is amorphous glycoprotein biopolymer which acts as gumming agent 

to hold the fibroin fiber to form cocoon.  (Kunz et al., 2016) Sericin has a slight inflammatory 

effect, consequently degumming is employed to eliminate it in order to boost its 

biocompatibility in tissue regeneration and wound healing. (Das et al., 2021) Sericin has a 

slight inflammatory effect, consequently degumming is employed to eliminate it in order to 

boost its biocompatibility in tissue regeneration and wound healing. (Biswal et al., 2022) 

 

Fig 1: Schematic representation of the degummed SF structure. (Volkov et al., 2015) 

 

To obtain qualitative SF, researchers focus on the using chemicals and temperature parameters 

during this process. To obtain pure SF, 0.02 M sodium carbonate (Na2CO3) is used to boil the 

cocoon and this boiling solution should be changed in each 30 min. After degumming, the dried 
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SF dissolved in 9.3 M, LiBr solution or AJISAWA solution of calcium chloride, water and 

ethanol (molar ratio 1:8:2) and dialysis to remove extra salts as well as get pure SF solution. 

(Rastogi and Kandasubramanian, 2020) 

8.2.2. Structural Properties of Silk Fibroin:  

In B. mori silkworm cocoon SF (75-83% (w/w)), sericin (16.7-25 % (w/w)), fat/wax (0.8-1% 

(w/w)) and colour/ash (1-1.4% (w/w)) are present.  Silk fibroin is secreted from posterior gland 

of B. mori silkworm where sericin is produced from B. mori silkworm’s middle and anterior 

glands (Belhaj Khalifa et al., 2012) .   

The US Food and Drug Administration (FDA) has granted approval for SF as a highly adaptive, 

slow disintegration biopolymer with the ability for self-healing wounds and regenerate tissue. 

The spinning process brings about the cocoon. Sericin, a glycoprotein released from the middle 

and front exocrine glands, acts as a gumming agent to hold the two extremely thin (10 

μm diameter) fibroin double strands together while the larvae are spinning.  The protein 

fibres created structure becomes more durable and strong in the presence of air.  (Scheibel, 

2005) A single silk fibre was created when two silk fibroin filaments were bound together with 

sericin. From earlier studies, it can be concluded that SF filaments are composed of 3.5 nm 

diameter nanofibers, which are the basic components of silk fibre. Strong interactions between 

nanofibrils lead to the formation of microfibrils (20–200 nm in diameter) of silk fibroin. (Kwak 

et al., 2017) Silk fibre has a parallel arrangement of microfibrils.  Due to the variance that exists 

for each of the components of the degumming process, SF is the major structural protein, 

ranging in size from 20 KDa to 350 KDa. (Singh et al., 2021) 

The heavy chain polypeptide and light chain polypeptide that make up the primary structure of 

SF are connected by a single di-sulfide bond at the heavy chain's C-terminus.  (Vidya and 

Rajagopal, 2021b) The overall integrity of the fibroin is maintained by glycoprotein P25, which 

contains Asn-linked oligosaccharide chains and is hydrophobically attached to the H-L 

complex. In H Chains, glycine (46%), alanine (30%), and serine (12%) are most frequently 

present.   (Qi et al., 2017b) In L-chains, leucin, isoleucine, valine and others amino acids are 

present. (Shimura, 1983) 

8.3 Poly(e-caprolactone) (PCL)  

According to (Albertsson and Varma, 2003)  the mechanical and elasticity characteristics of 

poly(e-caprolactone), an aliphatic polyester, depend on its molecular weight. It is employed as 
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a co-polymer of biomedical scaffolds and graft preparation, such as sutures, cartilage, bone, 

and other 2D or 3D bioprinting applications, due to its superior mechanical and biocompatible 

properties. (Mo et al., 2004)  Its hydrophobic surface, which limits cell adherence to PCL 

scaffold due to the long alkaline chain present in its structure, is a barrier to its usage as a 

polymer for scaffold creation in biomedical applications. Clinical reports indicate that over two 

years or longer, the PCL-based scaffold does not entirely disintegrate in bodily fluid. (2006) 

Sun et al. Occasionally, PCL is the cause of skin irritation. Because PCL releases acidic 

byproducts as it degrades, it occasionally delays healing and is responsible for a few topical 

inflammations. (Sung et al., 2004) PCL is employed as a co-polymer of graft and scaffold 

creation due to its cell proliferation, high biocompatibility, and mechanical qualities. 

In this study, poly(e-caprolactone) (PCL) was combined with sericin removed degummed 

regenerate SF solution to prepare an imitation for fabricating core shell electrospun nanofiber, 

which demonstrates good biodegradability, mechanical, and drug release properties as wound 

dressing material. (Sultan et al., 2018) 

8.4 Use of Silver as antibacterial dopant in SF-PCL based Electrospun 

Nanofiber:  

Due to their excellent efficiency as a drug delivery mechanism, silver nanoparticles (AgNPs) 

are being used progressively in biomedical research in tissue regeneration applications. Due of 

its antibacterial capabilities, silver Nanoparticles (AgNPs) are employed through various 

carriers. (Behravan et al., 2019) Due to its tiny size and homogeneous dispersion characteristics 

in polymeric emulsion, AgNPs are used as a therapeutic agent in polymeric nanofiber.   

(Behravan et al. 2019) 

8.5 Use of C. officinalis Mother Tincture as Antibacterial Dopant in SF-

PCL Based Electrospun Nanofiber:  

Homoeopathic medicine termed calendula officinalis mother tincture is available as an oral 

drug or for external application as a topical application. Nanofibers, made composed of 

minuscule fibres with an average diameter of less than 1000 nanometres, can be employed as 

a drug delivery mechanism. There is no information to support the use of calendula officinalis 

mother tincture in nanofibers, but it would be conceivable to embed the tincture into the fibres 

and have it released systematically over time as the fibres disintegrate down. The effectiveness 

of this approach would need to be evaluated further. According to studies, the mother tincture 

of calendula officinalis may be used to treat cancer because of its ability to have 
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antiproliferative and cell-cytotoxic properties. (Jyotisree et al., 2020) According to studies, 

Calendula officinalis mother tincture can slow down the growth of many different kinds of 

cancer cells while simultaneously causing them to die through apoptosis. (Jiménez-Medina et 

al., 2006)  It has also been discovered that it possesses antiviral and antifungal characteristics, 

which could be beneficial in inhibiting the spread of tumour-causing cells. 

8.6. Role of One Pot Green Synthesized RGO from GO in Biomedical 

Applications:  

Reduced graphene oxide (RGO) is a derivative of graphene, which is composed of numerous 

layers of carbon atoms arranged in a single hexagonal lattice. It is composed of carbon atoms 

linked together by oxygen atoms in the form of a two-dimensional sheet. RGO is an ideal 

material to be used for a variety of applications, including electrical and thermal conductivity, 

chemical sensing, water filtration, and bioelectronic applications. The unique properties of 

RGO have been studied extensively and found to be beneficial for numerous applications. 

The use of green-synthesised Reduced graphene oxide (RGO) in biomedical applications is an 

emerging research field with great potential to revolutionise medical treatments. RGO has been 

explored for use in drug delivery, biosensing, electric stimulation, magnetic resonance imaging 

(MRI), tissue engineering, artificial organs, gene transfection, and in vitro cell culture. The 

unique combination of physical, chemical, and electrical properties of RGO makes it well-

suited for biomedical uses due to its accessibility, influence on cell adhesion, compatibility 

with bio-macromolecules, and biocompatibility. In addition, the small size, large surface area, 

and superb mechanical strength of RGO makes it highly advantageous in biomedical 

applications where a maximum amount of loading capacity combined with uncommon physical 

durability is needed. The green-synthesis of RGO also offers the possibility of creating safer 

and more sustainable materials for biomedical applications, as compared to traditional 

techniques involving the use of harsher chemicals and higher temperatures.  

The wound healing properties of reduced graphene oxide (RGO) have been studied extensively. 

Studies have shown that RGO can be used to promote faster wound healing in several ways: 

by increasing the cell proliferation and migration of fibroblasts, decreasing inflammation, and 

helping to reduce scarring. Additionally, due to its high conductivity, electrical stimulation has 

been explored as a potential application of RGO in wound healing, as electric fields can 

increase cell proliferation and migration. Not only as a wound healing therapeutic agent in 

tissue engineering, RGO has been found to have antimicrobial and antibacterial properties due 
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to its intrinsic antibacterial nature and ability to inactivate bacterial cells. Its antibacterial 

activity has been observed against Gram-positive, Gram-negative, and fungal infections 

8.6.1. Advantages of Green Synthesis method to Prepare RGO   

The potential uses of nanomaterials in areas like energy, medicine, and electronics have led to 

a surge in the usage of green nanomaterial manufacturing in recent years. Green synthesis 

methods reduce waste, energy use, and environmental effect while providing an appealing 

alternative to conventional methods for the manufacture of nanomaterials. Comparing the 

green synthesis method to traditional methods could possibly be more advantageous 

economically. Examples of ecologically conscious techniques for creating nanomaterials 

consist of using natural components like microorganisms and extracts from plants as well as 

water in place of organic solvents. Ultrasound and microwave synthesis constitute further new 

green synthesis techniques for nanomaterials that show possibilities. 

 

 

8.6.2. Use of C. officinalis mother tincture as Green Reducing Agent:  

Calendula officinalis, popularly known as pot marigold, is a popular herbal treatment used to 

cure minor cuts and wounds and reduce inflammation. (Doustar et al., 2010) By removing the 

need for extreme synthetic chemicals, the use of calendula mother tincture as a green reducing 

agent may assist with minimising environmental damage. It is possible to either directly apply 

calendula mother tincture to a wound or mix it with water and spray it on the desired location. 

The effectiveness of Calendula officinalis mother tincture as a green reducing agent was 

validated by this research. 

8.7.  Use of Green Synthesized RGO as antibacterial dopant in SF-PCL 

based Electrospun Nanofiber:  

A comprehensive study has been done on the antibacterial properties of silver nanoparticles for 

many different kinds of biomedical applications. Gram-positive and Gram-negative bacteria, 

as well as some fungi, all have been shown to be sensitive to silver nanoparticle treatment. 

According to hypothesis, silver nanoparticles destroy bacteria by rupturing the cell membrane, 

producing reactive oxygen species that penetrate the cell walls, and suppressing crucial proteins 

and enzymes. (Yin et al., 2020)  Furthermore, it has been demonstrated that silver nanoparticles 

prevent a number of bacteria from forming biofilms, which limits their capacity to form 

colonies and disseminate infection. Overall, because of their broad range of activities and their 
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focus on specific targets, silver nanoparticles offer a significant potential for application in 

antibacterial treatments. 

8.8 Use of Formic Acid to as a Solvent to Dissolve SF:  

In this study, silk fibroin was dissolved in formic acid to generate silk-based biomaterials for 

use in medical applications. Formic acid, an organic acid that is rather benign, has been used 

to dissolve silk fibroin since the 1920s. It is often used to dissolve silk fibroin for a variety of 

reasons and has garnered extensive research. Examples include the extraction of silk fibroin 

and its use in the production of films and other products as well as in the delivery of 

medications. Formic acid can also be used to preserve the original properties of silk, such as 

its structural conformation, thermal stability, performance, and biocompatibility. (Ming et al., 

2014) Formic acid can also be used with other organic acids, including acetic acid, to improve 

the dissolving of silk fibroin. Numerous investigations have shown that formic acid is an 

effective, safe, and adaptable solvent for removing silk fibroin. The benefit of formic acid is 

that silk's fibroins can be broken down without affecting its fundamental properties, such as its 

mechanical strength and biocompatibility. As a result, it can be utilised to create silk-based 

biomaterials for uses in regenerative medicine, drug delivery, tissue engineering, and wound 

healing. 

8.9. Use of Acetic Acid as a Solvent to Dissolve PCL:  

Polycaprolactone (PCL) can be dissolved in an acetic acid solution. Depending on the desired 

outcomes, the concentration of acetic acid in this solution should range from 20 to 50%. Acetic 

acid aids in the dissolution of PCL into a solution and the formation of new polymeric structures 

by breaking down the polyester chains. The polycaprolactone can be degraded, therefore it's 

crucial to use the right concentration and watch that the solution is not too acidic. Furthermore, 

it's crucial to make sure that the solution's temperature stays below 50°C because higher 

temperatures can speed up the breakdown of polymer chains, leading to a lower-quality end 

product.  Acetic acid has received a lot of attention as a PCL nanofiber manufacturing 

technique. Because it is inexpensive and is prepared under gentle processing conditions, acetic 

acid has come to be used for this purpose. It has been shown that acetic acid, depending on the 

quantity of acetic acid molecules utilised and the concentration of the fluid used for spinning, 

can be used to generate uniform and homogeneous PCL nanofibers in a variety of forms, sizes, 

and shapes. (Kim et al., 2009)  Additionally, it has been shown that the addition of acetic 

vinegar can give PCL nanofibers a variety of mechanical and thermal properties, enabling 

applications in tissue engineering, drug administration, and wound healing. (Mahdieh et al., 
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2020) In conclusion, the usage of acetic acid for the creation of PCL nanofibers is well 

documented, and numerous research have shown the benefits of doing so. It creates PCL 

nanofibers that are consistent and homogenous and have a variety of various properties, making 

it appropriate for a wide range of applications. (Lanzalaco and Armelin, 2017) 

8.10 Use of Chloroform as a Solvent to Dissolve PCL:  

Polycaprolactone (PCL) can be dissolved in chloroform to create a solution. Due to its 

hydrophobicity, PCL, a kind of thermoplastic polymer, can dissolve in chloroform. (Armeda, 

2018)  Chloroform can be used as a PCL solvent and in a variety of industrial settings, including 

the manufacturing of medical devices, medication delivery systems, and other products. In 

order to dissolve PCL in chloroform, the necessary volume of chloroform must be heated and 

evaporated before the PCL particles are added. The mixture is then heated a bit further until it 

completely dissolves. 

 

8.11. Biomedical Applications of Silk Fibroin Nanofiber:  

8.10.1. SF Nanofiber as Cardiovascular Graft  

Recent studies have demonstrated the usefulness of using Bombyx mori silkworm cocoon-

derived silk fibroin (SF) nanofibers as vascular grafts. Since SF has the requisite strength and 

flexibility in its nanofibers to endure physiological pressures without inducing a significant 

immunological response, it is highly suited for tissue engineering applications. In order to 

encourage cell attachment and proliferation, the structure of SF also enables it to be 

functionalized with different cell adhesion molecules. SF nanofiber scaffolds have been shown 

in studies to support endothelial cells in vitro and exhibit increased angiogenic activity in vivo, 

suggesting that they may be appropriate for vascular graft applications. (Pan et al., 2023) Their 

restricted permeability, inability to function as vascular grafts, and other issues could be 

disadvantages.  These studies have concentrated on the application of B. mori silk fibroin 

nanofibers as a platform for the generation of adherent vascular endothelial progenitor cells, 

stem cell transport, and cardiac tissue engineering. The usage of these nanofibers in 

combination with different other biomaterials or growth factors has proved useful in enhancing 

cellular adhesion, survival, and/or proliferation, according to research. Additionally, numerous 

studies have shown that it is feasible to deliver medications or other substances utilising these 

nanofibers straight to the damaged heart tissue.  (Li et al., 2013) 
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8.10.2. Silk fibroin nanofibers for antibiotic delivery: 

A very interesting and cutting-edge area of inquiry is the use of silk fibroin nanofibers for 

antibiotic delivery. To improve the solubility, stability, and release profile of antibiotics, 

research is now being done on the use of silk fibroin nanofibers as a drug delivery system. The 

direct encapsulation of antibiotics in silk fibroin nanofibers, the incorporation of antibiotics 

into the hydrogel-like fibroin matrix, the electrospinning of antibiotic-loaded silk fibroin 

nanofibers, and the conjugation of antibiotics onto the nanofibers are a few of the methods that 

have been studied. (Farokhi et al., 2020)  Due to their biocompatibility and biodegradability, 

research to far suggests that silk fibroin nanofibers have a significant potential for use in 

targeted delivery applications. Additionally, it has been demonstrated that silk fibroin 

nanofibers efficiently enable the regulated release of a variety of medications, including 

antibiotics.   

The current focus of study is on improving the effectiveness of antibiotics being encapsulated 

in silk fibroin nanofibers and further investigating the possibilities of these promising materials 

for antibiotic delivery. The nanofiber scaffolds are intended to gradually release a sustained 

dose of antibiotics over time, improving patient safety and comfort while also providing better 

control over drug levels in the body. Due to its capacity to precisely administer medicines at 

therapeutic levels, the approach may potentially help fight antibiotic resistance. 

Silk fibroin-PCL nanofibers that have been loaded with antibiotics are a promising medication 

delivery technology for antibiotics. With the help of this delivery mechanism, the antibiotic can 

be released over a longer period of time with little adverse effects on the body while yet being 

highly concentrated when it reaches the site of action. High surface area, homogeneous 

medication distribution, and superior mechanical qualities like flexibility and tear resistance 

are all provided by Silk-PCL nanofibers. (Wang et al., 2022)  These qualities make the 

nanofibers perfect for applications involving medication administration. These nanofibers can 

also be simply altered to accommodate various antibiotics and their controlled release profiles. 

Additionally, adding targeting molecules to the nanofibers can increase antibiotic delivery's 

overall effectiveness and specificity. 

8.10.3. Electrospun silk fibroin nanofibers for antioxidant delivery 

In tissue engineering, antioxidants are essential. By scavenging free radicals, defending cell 

membranes from lipid peroxidation, and stabilising proteins from oxidation that might result 
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in cellular damage and death, they shield designed tissues from oxidative damage.  (Sakai et 

al., 2020) Additionally, antioxidants have the power to enhance cell signalling, control cell 

division, angiogenesis, and wound healing. They might also lessen ischemia and reperfusion 

destruction and regulate the inflammatory response. Antioxidants can also improve how well 

tissue engineering scaffolds encourage cell adhesion, proliferation, and the growth of new 

tissues.  

The creation of an antioxidant made from silk fibroin nanofibers is the main goal of this study. 

The antioxidant substance that will be included into the nanofibers will be used to counteract 

oxidative stress in cells and tissues. To do this, an electrospinning technique will be used, in 

which the antioxidant component and silk fibroin solution are combined to create the nanofiber 

scaffolds. The effectiveness of the loading, the mechanical characteristics, and the 

biocompatibility of the antioxidant-loaded nanofibers will subsequently be evaluated. The 

antioxidant effectiveness of the nanofibers will then be assessed using in vitro studies. It can 

be used to deliver antioxidants, allowing for a steady and controlled release of these substances. 

Applications like promoting wound healing and reducing food oxidation could all benefit from 

this. 

8.10.4 Electrospun silk fibroin nanofibers for vitamin delivery 

Vitamins sustain the health of cells and tissue structures, which is vital for tissue engineering. 

Vitamins can offer vital nutrients for the development, maintenance, and repair of cells and 

tissue structures. They can also assist in defending cells against oxidative stress, which over 

time can harm tissues and cells. Vitamins can support effective tissue engineering efforts and 

maintain cell health by giving vital nutrients and defending cells from oxidative stress. Due to 

their special characteristics, electrospun silk fibroin nanofibers have been investigated as a 

potential vitamin delivery mechanism. The controlled release of vitamins may be enhanced by 

using nanofibers with homogeneous sizes and shapes, which can be produced by the 

electrospinning method.  The controlled release of vitamins may be enhanced by using 

nanofibers with homogeneous sizes and shapes, which can be produced by the electrospinning 

method. Additionally, silk fibroin nanofibers have properties that make them biocompatible, 

making them suited for use in the transport of drugs and vitamins. Studies have demonstrated 

that a variety of vitamins, including Vitamin E, Vitamin C, and other water-soluble vitamins, 

can be delivered using electrospun silk fibroin nanofibers. These nanofibers can also be 

functionalized with a variety of elements to enhance vitamin delivery. Vit D-loaded silk fibroin 
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nanofiber has produced really encouraging tissue engineering results. (Mostafavi and Naeimi, 

2022)  

8.10.5. Electrospun silk fibroin nanofibers for ion delivery 

Releasing ions with electrospun silk fibroin nanofibers. to look into the possibility of 

controlling ion delivery with electrospun silk fibroin nanofibers. This work created electrospun 

silk fibroin nanofibers with various ion concentrations and assessed their potential to deliver 

ions to the target region. To assess the biological reactions to the ion-loaded nanofibers, an in 

vitro cell culture model was developed. To evaluate the electrospun nanofibers' capacity for 

absorbing and delivering ions selectively to the cell surface, uptake assays were also carried 

out.  (Farokhi et al., 2020)  

The outcomes demonstrated that the electrospun silk fibroin nanofibers enabled effective ion 

delivery, and the rate of delivery could be modified by varying the nanofiber diameter. When 

compared to fibre that weren't ion loaded, the nanofibers shown improved cell adhesion and 

proliferation. The outcomes also showed that ions may be precisely captured and delivered to 

cell surfaces using electrospun silk fibroin nanofibers. According to the study results, 

electrospun silk fibroin nanofibers have the potential to serve as a powerful platform for 

accurate delivery of ions. 

8.10.6. Electrospun silk fibroin nanofibers for wound dressing  

Due to its capacity to operate as a physical barrier against bacteria and other pathogens, absorb 

wound exudate, and hasten skin healing, electrospun silk fibroin nanofibers have demonstrated 

potential as a material for wound dressings. To adhere to the contour of the wound and produce 

a seal that can hold while healing, the nanofibers can be mixed into a variety of materials. 

Electrospun silk fibroin nanofibers are a potential material for wound dressing applications 

because they are biocompatible and biodegradable as well.  (Chen et al., 2022) 

Because of its great biocompatibility, low inflammatory response, and high-water vapour 

permeability, silk fibroin is a desirable biomaterial for wound treatment. It has a number of 

medical uses, including tissue engineering, medication administration, and wound healing.  

Strong adhesive characteristics in silk fibroin allow it to remain attached to the wound 

successfully and speed up healing. Silk fibroin is also extremely elastic and is simple to shape 

to fit into the contours of the wound. The immune system's ability to inhibit infection aids in 
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lowering inflammation and managing wound fluids. Additionally helpful in stimulating wound 

contraction and able to lessen scarring is silk fibroin. 
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9. Materials and Methodology 

9.1 Materials  

9.1.1.  Materials for One Pot Green Synthesis of RGO from GO  

Graphene oxide powder (Tata steel), Calendula officinalis 41% (v/v) mother tincture (Dr. 

Willmar Schwabe India Pvt. Ltd.), Streptomycin Sulphate (STM) (SRL), FITC staining 

solution (Himedia), DAPI staining solution (Himedia), TritonTM X-100 (Sigma), Deionized 

water (DIW), Nutrient broth (HiMedia), Agar powder (bacteriological grade) (Himedia), 

Phosphate Buffered Solution-10X (Himedia), DMEM media (Gibco) 

 

9.1.2.  Materials for Fabrication of SF-PCL Based Nano Fiber 

Bombyx mori silkworm cocoon, LiBr (SRL), Formic Acid (SRL), Calcium chloride (Emplura), 

Silver nanopowder (SRL), Dialysis bag, Nutrient broth (HiMedia), Agar powder 

(bacteriological grade) (Himedia), Phosphate Buffered Solution-10X (Himedia), DMEM 

media (Gibco), Tris HCl (PH 6.8), SDS powder, β- Mercaptoethanol (BME), Tris Base, Glycine, 

SDS powder, Acrylamide-bis acrylamide solution, Tris HCl (PH 8.8), Ammonium 

persulfate (APS), N, N, N’, N’-tetramethyl ethylene diamine (TEMED), Brilliant blue R-250, 

Methanol, Acetic acid, distilled water 
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9.2 Method:  

9.2.1 One Pot Green Synthesis of RGO from GO by Using C. 

officinalis mother tincture 

9.2.1.1. Green Synthesis of RGO  

RGO has prepared by one pot green synthesis method by using 41% (v/v) C. officinalis mother 

tincture with some modification. At first, 1 mg/ml GO powder was mixed in 20 ml DIW and 

sonicated the mixture to complete dissolve the GO powder by a probe sonicator (LabMan 

Scientific Instruments) at a pulse of 2 s and pulse off 2 s. During the sonication 4 ml of 

Calendula officinalis 41% (v/v) mother tincture was added dropwise during sonication. After 

the sonication homogenously stirred the mixture for the next 15-20 hours at 60 ℃ on the 

magnetic stirrer. To remove the extra calendula extract from the sample, centrifuge the sample 

several times at 10000 rpm for 10 min and washed with deionized water until obtained the clear 

supernatant. The final product was dried in a lyophilizer at -50 ℃ until obtained the dry powder 

of RGO prepared by Calendula officinalis mother tincture. 

 

 

Fig 2: Schematic representation of green synthesis of RGO with Calendula officinalis 

mother tincture 
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9.2.1.2 Characterization:  

Green synthesized RGO with Calendula officinalis mother tincture has characterized via 

Fourier Transformed Infrared Spectroscopy, Raman spectroscopy, X-ray Diffraction, SEM, 

and TEM in order to confirm the reduction. 

9.2.1.2.1. Fourier Transformed Infrared Spectroscopy (FTIR) Study of 

Green Synthesized RGO 

FTIR spectrophotometer (Frontier IRL 1280119; Waltham, MA, USA) was used for analysing 

RGO powder samples. The mixture of synthesized RGO powder and KBr (Sigma Aldrich, 

uvasol) with a weight ratio of 1:100 was pelletized using a hydraulic press and the pellets were 

used for obtaining spectra in the transmission mode within 500 to 4000 cm-1 range. 

 

9.2.1.2.2. X-ray Diffraction (XRD) Study of Green Synthesized RGO 

Synthesised RGO powder was investigated using an X-ray Diffractometer (Ultima IV, Rigaku) 

equipped with Ni-filtered Cu Kα radiation having a wavelength of 1.5418 Å. Samples were 

scanned within a range of 10-60° with a 0.02° step size and 6 steps/second scan rate. 

 

9.2.1.2.3. RAMAN Spectroscopy Study of Green Synthesized RGO 

Prepared RGO powder by using C. officinalis mother tincture   investigated by the means of 

Raman spectroscopy (Horiba Scientific, LabRAM HR Evolution) for extracting structural 

information. Spectra were recorded within the 200-1600 cm-1 range using a 488 nm laser 

source and 20 s acquisition time. 

 

9.2.1.2.4. Scanning Electron Microscopy (SEM) of Green Synthesized RGO 

Morphology of the RGO was observed by SEM To capture the image, the samples were gold 

coated with a thin layer of gold alloy after mounting on a double-sided carbon tape. 

 

9.2.1.2.5. Transmission Electron Microscopy (TEM) of Green Synthesized 

RGO 
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To evaluate the morphology, size and shape of the RGO nanopowder, TEM was done. For 

testing TEM grid was prepared by placing a drop of the diluted RGO aqueous solution on a 

carbon-coated copper grid and later drying it.  

9.2.1.3. Hemocompatibility assay 

Hemocompatibility assay has done to check the hemocompatibility as well as 

biocompatibility   of the green synthesized RGO by C. officinalis mother tincture. To perform 

this hemocompatibility assay fresh blood sample was collected from a healthy volunteer in a 

sterile EDTA vial and finally it was further diluted in saline water to prepare blood (RBC) 

suspension. This blood suspension was added to the different concentration of samples (Fig 9) 

and incubated all samples at 37 ℃ for half an hour. After this incubation keep the samples at 

static conditions for 4 h at 37℃.   Then, centrifuged at 5000 rpm in cooling centrifuge at 4 ℃ 

and supernatant were transferred to a 96-well plate. The haemolytic activity was determined 

by measuring the absorbance at 570 nm Control samples of 0% lysis (negative control) and 

100% lysis (positive control) were employed in the experiment (Escudero et al., 2019). Here, 

all samples were prepared in triplicate. The concentrations (µg/ml) of samples were are GO 

100 µg/ml, RGO 10 µg/ml, 50 µg/ml and 100 µg/ml. 

Formula:  

Hemolysis (%) = {OD sample-ODNC/ODPC-ODNC} * 100  

NC: Negative control 

PC: Positive control 

9.2.1.4. Antimicrobial Assay 

The broth dilution method and determination of minimum inhibitory concentration (MIC) 

value were utilized for the assessment of the antibacterial properties of GO and green 

synthesized RGO-Calendula nanocomposite samples at different concentrations. The Luria-

Bertani (LB) broth containing a single colony of an Escherichia coli and Bacillus subtilis strain 

were cultured overnight at 37°C and was further diluted with LB broth to obtain the bacterial 

suspension. Here, as positive control standard marketed antibiotic Streptomycin has been used. 

The primary culture has diluted into 0.1 optical density (OD) concentrated bacterial culture in 

autoclaved test tube and prepare different concentration of GO and RGO samples and 

Streptomycin (200µg/ml) solution as positive control and as negative control only 0.1 OD 
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bacterial culture was used which also incubated for next 18 hrs and measure the optical density 

of the secondary cultures in 96 well plate. For this secondary culture, each sample solution was 

added into 0.1 OD concentrated primary bacterial culture in 1:10 ratio. From this OD bacterial 

viability has count.  

 

9.2.1.5. In-vitro cytotoxicity assay 

In vitro cell proliferation assay of the green synthesized RGO nanopowder was assessed by 

MTT assay. L929, mouse fibroblast cells were cultured and maintained in Dulbecco's Modified 

Eagle Medium (DMEM) supplemented with 10% Fetal bovine serum (FBS). 5 × 103 cells per 

well were seeded into a 96-well plate for 24 h. These cells were treated with different 

concentrations of RGO nanopowder for two different time points 24 hrs and 74 hrs.  

After 24 hrs of treatment of RGO, 100 μl MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) solution (5 mg/ml) in PBS was given in each well and keep the 

96 well plate in the 5 % CO2 incubator at 37 °C for 4 hrs. Then the medium was taken from 

each well and dissolved in 100 μl of DMSO and kept in the incubator at 37 °C in shaking 

condition for 5-10 min to form violet coloured formazan crystals. The absorbance was 

measured by a microplate reader (*BIO-RAD, iMarkTM) at 595 nm wavelength.  

% of cell proliferation was calculated by the following equation:  

Cell viability = (O.D. of sample / Average O.D. of Control) *100 

9.2.1.6. Live and Dead Assay:  

Live and Dead assay was performed to analysis the cell viability after treatment with green 

synthesized RGO and compared with cell viability on tissue culture polystyrene (TCPs) as 

control. In this study, 10,000 L929 fibroblast cells per well were seeded into 24 well plates and 

incubated in incubator at 37℃ and 5 % CO2 condition for 3 and 5 days. Cells were treated with 

different concentration of RGO (10,20,50,100,200 µg/ml). Different concentration of RGO 

solution was prepared by serial dilution method in complete DMEM media.  

After, 3 days of incubation, media has discarded and carefully wash with tissue culture graded 

1X PBS to remove extra RGO powder and dead cells also. Then, the cells were strained with 

calcein AM and ethidium bromide homodimer-1 (Molecular Probes) added DMEM media to 

visualize the population of live and dead cells after 3 days incubation. After, adding this calcein 
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and ethidium bromide strained solution added media incubated the cells at 37℃ for 20-30 mins 

to stain viable and non-viable cells, respectively. The images of strained viable and non-viable 

cells were taken by microscope.   

 

9.2.1.7. FITC-DAPI Staining: 

FITC-DAPI staining has done to for the phenotype study of green synthesized RGO treated 

cell. Here, 1*104 L929 mouse fibroblast cells/ well in 24 well plate was treated with different 

concentrations of RGO in 2 ml of DMEM media and incubated for 72 hours at 37℃ and 5 % 

CO2 condition. In one well cell was gown without RGO which is considered as control or tissue 

culture polystyrene (TCPs).  

After 72 hours, aspirate the medium from the well and rinse with 1x cell culture graded PBS 3 

times to remove present dead cells, RGO and other debris from the well and fixed with 3.7 % 

cell culture graded p- formaldehyde for 10 min. After fixation, remove the formaldehyde and 

wash with PBS for 3 times. For permializing the cells, the cells are immerged in 0.2 % triton 

X 100 and aspirate this tritonx100 after 5 mins. After washing 3 times (Wash for minimum 5 

mins in each wash) with PBS. 

After washing, fixed cells were incubated with 4′,6-diamidino-2-phenylindole (DAPI) (2 µl/ml 

DMEM media) concentrated staining solution for 5 min in room temperature. Then wash with 

PBS for 3 times and incubate with Phalloidin fluorescein isothiocyanate (FITC) dye (2 µl/ml 

DMEM media) for 10 min at room temperature and wash with PBS for 3 times. 

Finally, the cells were observed under fluorescent confocal microscope (at 10X magnification) 

with help of KRUSS| ADVANCE (1.6.2.0) software. For, FITC staining, in green fluorescent 

cells were observed at (λexcitation 495 nm, λemission 535 nm) and for DAPI staining, in blue 

fluorescent cells were observed at (λexcitation 359 nm, λemission, 461 nm). 
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9.2.2 Fabrication of Antibacterial Therapeutic Agents Doped Silk 

Fibroin PCL Based Nanofiber by Electrospun Method for Tissue 

Engineering 

 

9.2.2.1 Extraction of Silk Fibroin (SF) from B. mori Silk cocoon 

Regenerated silk fibroin extraction from B. mori silk cocoon is processed by previously 

established degumming method (Rnjak-Kovacina et al., 2015). In this method, gummy protein 

sericin which coated on the fibroin protein is removed.  

Silk cocoons were cut into small pieces and boiled into 0.02 M sodium carbonate (Na2CO3) 

aqueous solution for 2-3 hrs at 90-100 ℃. In each 30 min, need to change this aqueous Na2CO3 

solution and wash the silk worm cocoon’s fiber with deionized water (DIW) and need to do it 

5-6 times until total sericin will be removed and getting clear boiling solvent. After three hours 

when the texture of the cocoons had been changed, the fibrous material was washed several 

times with DIW and dried by keeping this fiber at room temperature overnight. 

Then, this degummed fiber types material was again cut into small pieces and dissolved in 9.3 

M LiBr solution in 1:4 (w/v) ratio and keep the SF- LiBr solution in incubator at 60 ℃ for 4 

hrs. After 4 hrs of incubation, fibroin solution was transferred into dialysis tube and dialyzed 

against deionized water for 3-4 days until the water colour become transparent. The DIW was 

changed in every 6 hrs for 1st day and from 2nd day need to change this water once daily to 

remove the heavy salt of LiBr from the silk fibroin solution. After dialysis, this silk fibroin 

solution was centrifuged at 12000 rpm in cooling centrifuge at 4 ℃ and wash with DIW until 

getting the clear supernatant. Then lyophilized the precipitate for 48 hrs at -80 ℃ and stored 

this regenerated SF at 4℃ for further study.  
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Fig 3: Schematic Representation of Degumming Method of Silk Fibroin from Bombyx mori 

silkworm cocoon.  

 

9.2.2.2. Degumming loss: 

Degumming weight loss calculation is a quantitative evaluation of the degumming efficiency 

which helps to analyse the weight loss in throughout the degumming process of B. mori silk 

fibroin cocoon to regenerated silk fibroin yield.  

% of Degumming loss was calculated by the following equation:  

= {(Initial weight of silk fibroin cocoon – weight of lyophilized silk fibroin)/ Initial weight of 

silk fibroin cocoon} *100 

 

9.2.2.3. Measurement of protein concentration 

Silk fibroin protein concentration was measured by Bradford protein assay (Oliveira Barud et 

al., 2015). 20 µl aqueous solution of SF was added with 200 µl Bradford reagent (HIMIDIA) 

in each well of 96 well plate and as control here, DIW was used. After adding, Bradford reagent 

with the sample and blank mix them properly and incubate at room temperature for 5 min. The 

absorbance was measured at 595 nm by Microplate reader (*BIO-RAD, iMarkTM).  

Here, as standard protein BSA (bovine serum albumin) was used. (Bojedla et al., 2022) 

9.2.2.4. Measurement of protein concentration 

In Bradford assay, Coomassie blue G-250 dye have anionic groups which wants to bind with 

protein for its stability.  The Coomassie blue G-250 dye when comes in contact with protein 

solution, the first electron of Coomassie blue G 250 is donated to the charged groups of protein 

which disrupt the structure of protein. Sulphonic acid groups of Coomassie brilliant blue bind 

to positive amine groups of protein and form hydrophobic pocket types protein-dye complex. 
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Here, this attraction is occurred due to Vander Waals forces.  (“Bradford Assay | Bio-Rad,” 

n.d.).  

9.2.2.5. Analysis of Silk Molecular Weight: 

Silk fibroin has broad range of molecular weight which depends on different parameters of 

degumming method such as boiling temperature, time, chemical and others methods of 

degumming process. M.W. was determined by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) process.  SDS-PAGE is a very basic and commonly used method 

to analyse the molecular weight of protein subunit which is based on electrophoresis 

mechanism.  

Method: 

8.2.2.5.1. Resolving Gel Preparation:  

For preparing resolving gel, Acrylamide-bis acrylamide solution,1.5 M Tris-HCl (PH 8.8), 10% 

SDS solution, 10% APS and TEMED mixed in a falcon and vortex for proper mixing. The gel 

casted upto ¾ th   of total volume of casting chamber and wait until cross linking.  

8.2.2.5.2. Stacking Gel Preparation:  

For this SDS PAGE study, 12% of Stacking gel has prepared by mixing of Acrylamide-bis 

acrylamide solution, 1, .5 M Tris HCl (PH 6.8), 10% SDS solution, 10% APS and TEMED in 

certain ratio (“SDS-PAGE for Silk Fibroin Protein,” n.d.) and vortex in same way for proper 

mixing. This stacking gel cast of the rest port of casting chamber till the lower and of comb 

portion and put the comb. After crosslinking or solidify of both gel sample can be added for 

this test.  

8.2.2.5.3. Sample Buffer Preparation:  

Sample buffer or extraction buffer has prepared by mixing of 0.6M Tris-HCl (pH 6.8), 10% SDS, 

sucrose, BME and distilled water. Here, BME which acts as sample loading dye.  

8.2.2.5.4. Sample Preparation:  

To know the protein concentration of sample, Bradford assay was done. Protein 

sample was added with sample buffer in 1:1 (v/v) ratio.  For, silk fibroin after 

adding sample with the sample buffer this mixture kept in heat bath at 95℃ for 

20 seconds only.  

8.2.2.5.5. Sample Loading:  
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20 µl of heated sample was loaded inside the casting chamber through one teeth of comb. And 

through another teeth of comb standard Protein molecular weight markers was loaded for 

passing through the gel.  

9.2.2.5.6. Running Buffer or Electrophoresis buffer Preparation:  

Running buffer or Electrophoresis buffer was prepared by mixing of Tris base, glycine, SDS 

and water. The chamber of the SDS PAGE chamber was filled with this running buffer.  

9.2.2.5.7. Staining Solution Preparation: 

Staining solution has prepared by adding Briliant blue R-250, methanol and acetic acid.  

9.2.2.5.8. Destaining Solution Preparation: 

Destaining solution has prepared by adding methanol, glacial acetic acid and distilled water. 

After sample loading, connect the minigel apparatus (Biorad) with the power pack and set 

constant voltage 80 V to pass through the gel. This voltage helps to pass the silk fibroin protein 

with help of the brilliant blue dye through the gel and helps to reaches the brilliant blue until 

the bottom end part of casting resolving gel. During this process, bubble formation has 

observed due to electrophoresis and redox reaction. It took around 2.5-3 hrs for completely 

pass the Briliant blue dye until the bottom end part of resolving gel.  

After this, gel plates have opened after dismantle the gel apparatus and discard the stacking gel 

and place the separating gel in the staining solution for 2 hrs at room temperature in shaking 

condition.  

After 2 hrs of staining, this gel has immersed into destaining solution and after 30 mins this 

solution has changed for proper destaining and again added fresh destaining solution and kept 

the gel for overnight at room temperature. 

After proper destaining only visible band of tested protein sample and standard protein marker 

can be observed. The gel can now be used for immunoblotting with the help of Biorad gel 

electrophoresis instrument to determine the protein sample with the help of Bio-Rad's Image 

Lab software.  
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9.2.2.6. Fabrication of SF-PCL based Electrospun Nanofiber:  

After several times of optimization, SF-PCL based nanofiber has fabricated.  

Formic acid is a type of carboxylic acid that can be used to dissolve silk fibroin, though it is 

not the most commonly used method for doing so. Formic acid has the ability to break down 

the fibroin and make it more soluble in solvents. The process of dissolution is complex and 

requires the use of heat and agitation. The fiber must also be carefully monitored to ensure that 

the acid does not damage it. In this study, 10% (W/V) regenerated SF has dissolved in formic 

acid (FA) (85%) (SRL). For completely dissolve of SF, CaCl2 (25% of SF weight) was mixed 

in the formic acid.  

To dissolve PCL, binary solvent (Chloroform and acetic acid) has used. This binary solvent has 

prepared by mixing of chloroform and acetic acid in 4:1 ratio (v/v). 17 % PCL has dissolved in 

this mixture (W/V) by stirring at 600 rpm in room temperature for 3 hours.  

For, pure PCL nanofiber has fabrication, 3 ml of 17% PCL solution has transferred into the 5 

ml syringe and set in 12 cm distance from aluminium foil which has used as fabrication base 

at 1.5 ml/hrs flow rate and 18 kV voltage.  

To prepare SF-PCL based nanofiber, 17% PCL has blend with 10% SF-FA solution in 4:1 

volume ratio at 1000 rpm for overnight at room temperature which formed water in oil 

emulsion. This emulsion has transferred into 5 ml of disposable syringe and set at 12 cm 

distance from aluminium foil and set voltage 18 kV and 1.5 ml/hr flow rate.  

In this study, here as dopant green synthesized RGO, silver nanoparticles (AgNPs) and 

calendula mother tincture have been used.  

AgNPs doped with this SF-PCL emulsion in two different concentrations. 

10 mg AgNPs has mixed with 10 ml SF-PCL emulsion by blending this mixture at 1000 rpm 

for overnight at room temperature to get stable emulsion. 3 ml of this emulsion has also 

transferred in same way into disposable plastic syringe and set 12 cm distance from aluminium 

foil and set voltage 18 kV with 1.5 ml/hour flow rate.  

Another group of PCL-SF-Ag was prepared with adding 5 mg AgNPs in 10 ml of PCL-SF 

emulsion and fabricated in the same way (described for PCL-SF-1 Ag).  

For, RGO doping here, 1 mg RGO has mixed with 10 ml of SF-PCL emulsion and blend it by 

stirring at 900-1000 rpm for overnight at room temperature. After proper blending 3 ml of this 

emulsion has transferred into disposable plastic syringe and set the syringe at 12 cm distance 

from aluminium foil at 1.5 ml/hr flow rate and 18 kV voltage.  

The one more group of nanofibers has prepared by adding 1 mg of RGO and 10 mg of AgNPs 

into this PCL-SF based emulsion and blend in same manner by stirring at 1000 rpm for 

overnight. This group also fabricated in same way where parameters were same like above 

mentioned parameters.  

The last group was PCL-SF-Calendula where, 0.5 ml of C. officinalis mother tincture has 

blended with 9.5 ml of PCL-SF emulsion by stirring at 1000 rpm for overnight at room 

temperature.  
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9.2.2.7 Characterization:  

9.2.2.7.1.  ATR- FTIR Analysis of SF-PCL based Nanofiber:  

ATR- FTIR of PCL-SF based nanofiber have analysed by the characteristic spectral absorption 

peaks of ATR- FTIR spectrophotometer (IRAffinity-1S, SHIMADZU, Chicago, Illinois). All 

ATR-FTIR spectra of nanofiber were recorded between 4000 and 500 cm−1.   

9.2.2.7.2. X-Ray Diffraction (XRD) Analysis of SF-PCL based Nanofiber:  

XRD of SF-PCL Based nanofiber were analysed by XRD (Ultima 4, Rigaku, Japan) which uses 

Ni- filtered Cukα radiation of wavelength 1.5418 Å. The selected range was between 0-60° 

along with step size of 0.02 and scan rate of 6 steps/ second.  

9.2.2.7.3. Contact angle Measurement:  

The samples underwent testing to evaluate the water contact angles and determine if the 

electrospun nanofibers were hydrophobic or hydrophilic. The sessile drop method was used to 

determine the contact angles between a 20 µL water droplet and flat nanofibers. With the use 

of the Krus programme, all of the photographs were taken 30 seconds after the water droplets 

were cast. 

9.2.2.8. Swelling Index:  

The swelling index (S.I) of the NFs was studied to check their water absorption capacity. For 

this study, 1*1 cm2 piece of NF of each group were immersed into 50 ml phosphate buffer 

solution (PBS) and weighing them in different time intervals (0,1,2,3,4,5,6,20,21,22,23,24 hrs). 

Before taking the weight of the NFs at different time intervals, all NFs are soaked with filter 

paper to absorb the PBS droplets of NFs surface and keep over filter papers in room temperature 

for 10 mins to drying. The increased weight of NFs shows the swelling index property of the 

NFs. Here, the swelling index is calculated by determining the ratio of the increased weight of 

the NFs after immersing in PBS to the dry weight of the NFs before immerse in PBS.  

% of Sweeling index was calculated by the following equation:  

% S.I = (Wt−W0)∗100

Wt
 

Wt: Weight of the NFs at time t  

W0: Weight of the NFs before immerse in buffer solution 
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9.2.2.9. Invitro Biodegradation Study of PCL and PCL-SF based 

Electrospun Nanofiber: 

In vitro biodegradation of PCL and PCL-SF electrospun nanofibers were estimated by incubating them 

in phosphate buffered solution (PBS), prepared by following the protocol developed by Kokubo et al. 

To check the biodegradation property of SF-PCL based nanofiber, the mats were cut into small 

pieces (1*1cm2) and weighed. The pieces of NFs then immersed in 10 ml freshly prepared 1x 

Phosphate buffered solution (PBS) and keep in incubator at 37℃ and 5 % CO2 condition for 

certain time points (7,14,21 days).  

In each time points the nanofibers were taken out from the PBS and soaked with tissue paper 

to remove excess droplets of PBS. Keep in room temperature and weighed again. 

 % of Weight loss was calculated by the following equation, 

% of weight loss (WL) = {(W0-Wt)/W0} *100 

Here,  

WL:  % of weight loss,  

W0: the initial dry weight of sample when t=0, 

Wt is dry weight of the sample after certain time points. 

 

9.2.2.9. Mechanical Properties: 

Tensile testing was performed on the 50 mm * 15 mm electrospun nanofibrous sheets after 

certain adjustments.  (Elsayed et al., 2016)   The samples, which had a gauge length of 20 mm, 

were pulled using a 100 N load cell in a Tinius Olsen UTM machine (Tinius Olsen) at a cross-

head speed of 1 mm/min until the nanofiber was ruptured. Each sample has undergone a 

triplicate study. 

 

9.2.2.10.  Antimicrobial Test:  

Here, antimicrobial assay of PCL, PCL-SF, PCL-SF-0.5% Ag, PCL-SF-1% Ag, PCL-SF-RGO, 

PCL-SF-RGO-Ag, PCL-SF-Calendula NFs was done by checking % of bacterial cell growth 

viability. Here, MTT assay was done to check the antimicrobial assay.(Balouiri et al., 2016) 

The Luria-Bertani (LB) broth containing a single colony of an Escherichia coli and Bacillus 

subtilis strain were cultured overnight at 37°C and was further diluted to obtain 0.1 O.D.  

bacterial cell suspension. Here, as positive control standard marketed antibiotic Streptomycin 

has been used. 



39 
 

All groups of nanofibers were cut into small pieces (1*1 cm2) and sterilized by immersing them 

into 70% ethanol and washed with autoclaved water to remove ethanol and others debris. Then 

the pieces of nanofibers were taken into each well of 24 well plate and 100µl 0.1 O.D. bacterial 

suspension was seeded. Add 1 ml liquid Luria-Bertani (LB) broth media was poured into every 

well and keep them in the incubator at 37°C and 5 % CO2 for overnight.  

Next day, after changing the media, added 5 mg/ml concentrated MTT solution (in 1x PBS) 

into each well and keep the plates again in incubator for 4 hrs. After, 4 hrs add DMSO and 

incubate for 5 mins at 37 37°C and 5 % CO2 condition to form formazan crystals and take O.D. 

From this O.D. by the following equation, bacterial cell viability was calculated by Microplate 

reader (*BIO-RAD, iMarkTM) at 595 nm. 

9.2.2.11.  Assessment of Cell viability and cytotoxicity:  

In this study, MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was 

done to assay the cell cytotoxicity. L929, the mouse fibroblast cell line was taken for this assay. 

Nanofiber were cut into small pieces (1*1cm2) and sterilized them by immersing them into 

70% ethanol for 15-20 mins and then washed 3 times with autoclaved water to remove the 

ethanol from the fiber.  

 

Now the fiber pieces are put into 24 well plate and in each well 1 x 104 L929 cells 

(approximately counted by haemocytometer) were seeded on per nanofiber and kept the plates 

in incubator at 37 ℃ and 5 % CO2 for 1,3,7 days’ time point. In this study cell proliferation has 

compared with tissue culture plates (TCPs).  

5 mg/ml concentrated MTT solution was prepared by dissolving the MTT reagent in Dulbecco's 

phosphate-buffered saline (DPBS). For this assay after the respective time points plate was 

taken out from the incubator and removed the media and washed with 1X cell culture graded 

PBS to remove the dead cells. Add 500 µl MTT solution in each well of 24 well plate and again 

kept the plate in incubator for 4 hrs. After, 4hrs of incubation aspirated the MTT solution added 

500 ml of DMSO in each well. Mix it properly and incubate again 5-10 mins at 37 ℃ and 5 % 

CO2 condition to form formazan crystals. Then it transferred into 96 well plate the absorbance 

was measured by a microplate reader (*BIO-RAD, iMarkTM) at 595 nm wavelength.  
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10. Results and Discussion:  

10.1 One Pot Green Synthesis of RGO from GO by Using C. officinalis 

mother tincture 

 

10.1.1 FTIR Study of Green Synthesized RGO:  

 

Fig 4: FTIR spectra of prepared Green synthesized RGO 

The presence of wide band at 3402 cm−1 correspond to stretching vibrations of the -OH bond 

in C-OH group, with possible contribution from water and presence of calendula mother 

tincture (Feipeng et al., 2018).  The small peaks at 2921 cm−1 and 2851 cm−1 are attributed the 

stretching vibrations of CH2. The peak at 1624 cm−1 indicates the stretching in the sp2 vibration 

plane of C=C bond (Aragaw, 2020). The peak at 1717 cm−1 corresponds to the stretching of 

carboxyl group. The peak at 1059 cm−1 corresponds to the C-O stretching vibration of epoxy 

group (Lee et al., 2017) (Olfati et al., 2021). 

 

Table 1: FTIR Peak analysis of RGO prepared by using Calendula officinalis mother 

tincture 
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10.1.2. XRD Study of prepared Green synthesized RGO:  

 

 

Fig 5: XRD   spectrum of prepared RGO by using Calendula officinalis mother tincture 

 

For green synthesized, XRD has been employed to look into the crystal phase and determine 

the interlayer spacing. At 2 = 26.31°, a wider peak of green synthesised RGO can be seen, 

indicating that the -conjugated structure of graphene has been significantly restored at the 

generated RGO (Soomro et al., 2018). For this prepared RGO, the broad peak (002) indicated 

the crystal phase. The decrease of RGO from GO can result in the formation of single or several 

layers of RGO.  RGO nanosheet were attracted to one another as a result of the strong Vander 

Waals forces present. The turbostratic band of disordered carbon mate is responsible for 

another, less intense peak that can be detected at 2=42.23° with (001) orientation (Gualdrón-

Reyes et al., 2015). 
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10.1.3 Raman Spectroscopy Study of prepared Green synthesized RGO:  

 

 

 

 

Fig 6: RAMAN Spectra of prepared RGO by using Calendula officinalis mother tincture 

 

An effective and non-destructive instrumentation technique for identifying the electrical and 

structural characteristics of carbon materials is Raman spectroscopy. Instead of using a laser, 

it gives information based on the inelastic (Raman) scattering of a molecule exposed to 

monochromatic light. In this case, RGO exhibits two fundamental vibrations between 600 and 

2000 cm-1. 

At 1357 cm-1 for RGO, the D vibration band, which is made up of a breathing mode of j-point 

photons with A1g symmetry, may be seen. On the other hand, the G vibration band for RGO 

developed around 1606 cm-1 as a result of the first-order scattering of E2g phonons by sp2 

carbon. (Thakur and Karak, 2012) Furthermore, the stretching C-C bond, which is present in 

all sp2 carbon systems, also contributed to the G vibration band. The disorder bands and 

tangential bands, respectively, are represented by the Raman spectrum's D band and G band in 

Fig. 5. (Ding et al., 2014) 

 

The intensity ratio of this RGO-Calendula nanocomposite is 0.84.  
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    10.1.4 Scanning Electron Microscopy Image Analysis of Green Synthesized RGO:  

 

 

 

 Fig 7. (a) Scanning Electron Microscopy Image Analysis of RGO by using Calendula 

officinalis mother tincture (a) 2500x, (b) 5000x and (c) 10000x; 7. (b) EDX Analysis of 

prepared RGO by using Calendula officinalis mother tincture 

 

Morphological study is needed to characterize the topography image, morphological structure, 

shape and size of the nanoparticle. To check on the morphological structure of RGO here, SEM 

has used. The micro graphical image obtained from SEM gave a highly magnified image on 

the surface of a material. Figure (6) shows the micrographs for RGO sample at different 

magnification of 2500x, 5000x and 10000x.  

The morphological images of RGO prepared by green synthesis method which surface 

contained crumpled thin flex like sheets which accumulated to form disordered structure 

material (Aunkor et al., 2016). 

 

10.1.5 Energy-dispersive X-ray spectroscopy (EDX or EDS analysis) 

with SEM 

From EDS spectrum analysis, here it is confirmed about the presence of carbon (24%) and 

oxygen (76%) molecule in this prepared RGO sample (Low et al., 2015) (Aragaw, 2020). 
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 10.1.6 Transmission Electron Microscopy Image Analysis of Green 

Synthesized RGO 

 

Fig 8: TEM Image of Green Synthesized RGO 

Transmission electron microscopy (TEM) is used to see the morphological characterization of 

particle formation, size, structure, shell formation or elements distribution in material of 

materials. RGO looks like silk like nanosheet structure (Santha kumar et al., 2015).  

 

10.2 Hemocompatibility analysis of Green Synthesized: 

To evaluate the haemolytic activity of green synthesized RGO, hemolysis assay of different 

concentrations of RGO solution has measured by calculating their haemolytic activity on 

human blood sample. It was studied in dose dependent manner which form conjugates with 

RBC (Red blood cell) membrane. (Joshi et al., 2020) 
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Fig 9: Hemocompatibility Study of GO and Prepared RGO 

 

Table 2: Hemocompatibility Study of GO and Prepared RGO 

 

 

 

The result of hemolysis assay of green synthesized RGO has shown in table 2 which indicates 

the release of haemoglobin due to the RBC membrane lysis. In table 2, only 0.93 % of 

hemolysis occurred due to effect of 100 µg/ml GO concentration. Here, RGO shows a dose 

dependent hemolysis effect where at 10 µg/ml RGO concentration shows only 4.32 % of 

hemolysis with increasing the RGO concentration % of hemolysis has also increased such as 

Sample % of Hemolysis

Positive Control 100

Negtive Control 0

GO ( 100 microgram/ml) 0.925895062

RGO ( 10 microgram/ml) 4.320987654

RGO ( 50 microgram/ml) 7.716049691

RGO ( 100 microgram/ml) 9.567901543
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for 50 µg/ml, it shows 7.71% hemolysis and for 100 µg/ml it shows 9.56 % of hemolysis. From 

this discussion it can be said that up to 100 µg/ml RGO is hemocompatible therapeutic agent.  

 

10.3 Antibacterial Study of GO and Green Synthesized RGO:  

From this bacterial viability minimum inhibitory concentration of GO and RGO has been 

measured for both E. coli and B. substilis. The bacterial cell viability has gradually decreased 

along with increasing the sample concentration for both GO and RGO.  

In this study, MIC values of GO and RGO on E. coli 125 µg/ml, 63 µg/ml (Fig 10) respectively 

and for B. substilis (Fig 11) 63 µg/ml and 125 µg/ml respectively 

 

 

Fig 10: Antibacterial Study of GO and RGO on E. coli 
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Fig 11: Antibacterial Study of GO and RGO on B. subtilis 

 

From this OD value, bacterial cell viability has been calculated with respect of negative control. 

Microsoft Excel 11 was used to obtain the MIC 50 values through a linear regression between 

the % of bacterial cell viable and different concentrations of GO and RGO powder.  

 

Table 3: Antibacterial Effect of GO and RGO 

Bacteria Species MIC Value (µg/ml) MIC 50 (µg/ml) 

GO RGO GO RGO 

E. coli 63 125 372.51 492.34 

Bacillus subtilis 125 63 1095.44 644.45 
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Fig 12: MIC50 of RGO on E. coli  

 

 

Fig 13: MIC50 of GO on E. coli  
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Fig 14: MIC50 of RGO on B. subtilis 

 

Fig 15:  MIC50 of GO on B. subtilis 
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10.4 Cytotoxicity Assay and Cell Proliferation Assay of Green Synthesized 

RGO: 

 

 

Fig 16: Cytotoxicity studies of Green Synthesized RGO on L929 cell lines for 3 and 7 Days 

In this study, cytotoxicity study has been done through MTT assay on L929 cell for 3 and 7 

days with different concentration of green synthesized RGO solution which showed a dos 

dependent result. The results are indicated in fig … cells without RGO solution were marked 

as control with 100 % cell viability.  

From these results, it is clear that in day 3 time point, at lower concentration of RGO (10 µg/ml, 

20 µg/ml and 50 µg/ml, 100 µg/ml) shows no toxicity as the cell viability is more than 75 %. 

For, 200 µg/ml the cell viability is considerably lower than control which is approximately 58 

% that indicates about minor toxicity.  

For, day 7 cell viability has increased than day 3 cell viability of each concentration of RGO 

solution.    

10.5 Physical Interaction of Green Synthesized RGO and Cellular Phenotype 

Study by Live and Dead Assay: 
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Fig 17: Live and Dead assay on L929 mouse fibroblast cells at Day 3 and Day 7 timepoints 

after treatment with different concentration of Green Synthesized RGO 

 

In this experiment, Live/Dead assay was done on L929 cell which were treated with different 

concentration of RGO for day 3 and day 7 time point.   

After 3 days of incubation, it is seen in fig 17 that at lower concentrations such as 10 µg/ml, 20 

µg/ml and 50 µg/ml there is no presence of dead cells. At, 100 µg/ml and 200 µg/ml 

concentrations presence of dead cells (red stained) are visible.  At day 7, presence of dead cells 

is viable at higher concentrations (100 µg/ml and 200 µg/ml) but their amount is very less. So, 

it can be said that green synthesized RGO is non cytotoxic in 100 µg/ml.  

10.6.  Physical Interaction of Green Synthesized RGO and Cellular 

Phenotype Study by FITC-DAPI Staining 

In this study, MTT assay has done to evaluate its cytotoxicity and cell proliferation properties. 

(Thorat et al., 2014) Phenotype study increase the assurance of MTT assay that also helps to 

determine the morphological change of treated cell. Here, different concentration of green 

synthesized RGO treated L929 cells mouse fibroblast cell was stained with FITC and DAPI 

dyes to evaluate the cell toxicity. (Shao et al., 2017) This type of multiple staining coupled with 

microscopy observations helpful for live and dead cells more qualitatively and accurately.  

FITC dye enters into the live cells and emits green fluorescence by generating fluorescein due 

to enzymatic hydrolysis of FITC in live cells. DAPI binds strongly with the nucleus of the live 

cells and emits blue fluorescence. From fig 18, it is observed that after 3 days of green 

synthesized RGO treatment and comparison with untreated cells cellular characteristics such 
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as cell death, including cell shrinkage, presence of floating cells was not observed in observed 

in L929 cells exposed to green synthesized RGO. However, from this image, it can be said that 

a loss of membrane integrity has been observed at higher concentrations 200 µg/ml. 

 

 

Fig 18: The fluorescence images of FITC-DAPI stained L929 cells cultured with 

Different concentration of Green Synthesized RGO for Day 3 

 

 



53 
 

10.2 Fabrication of Antibacterial Therapeutic Agents Doped Silk 

Fibroin PCL Based Nanofiber by Electrospun Method for Tissue 

Engineering 

 

10.2.1. Degumming loss: 

Degumming loss of Silk fibroin has calculated by this following equation.  

% of Degumming loss was calculated by the following equation:  

= {(Initial weight of silk fibroin cocoon – weight of lyophilized silk fibroin)/ Initial weight of 

silk fibroin cocoon} *100 

= {(300-16.34)/300} *100 % = 94.55 % 

In this study, total cocoon was taken 300 gm and after degumming the weight of lyophilized 

regenerated silk fibroin is 16.34 gm.  

Hence, the % yield of degummed silk is = (100-94.55) = 5.45% 

10.2.2 Analysis of Silk Molecular Weight  

 

 

Fig 19: Mechanism of action Coomassie Blue G250 dye with SF protein  

 

Proteins can be separated from other bio-macromolecules using the sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) method according to their mass, size, and 

charge. It is the approach that is most frequently used to research proteins and their interactions. 

Degummed silk fibroin must first be solubilized in a denaturing buffer containing SDS before 

being exposed to electrophoresis in a polyacrylamide gel in order to perform SDS-PAGE. 

Following electrophoresis, the separated proteins will be stained with colours like Coomassie 

Brilliant Blue or silver nitrite to make them visible. This technique can be used to examine the 

dimensions, composition, and number of silk fibroin proteins. 
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Fig 20: Molecular weight of Na2CO3 Treated Degumming Silk Fibroin Protein after 

comparing with standard protein marker 

 

According to previous published work, it was concluded that silk fibroin has broad molecular 

weight range due to presence of high molecular weight chain and low molecular weight chain. 

During this degumming process, due to the effects of used chemicals such as degumming agent 

and temperature, some parts of silk fibroin protein is degraded so it gives different molecular 

weight. Molarity of Na2CO3 and LiBr and using temperature also are responsible for the 

molecular weight. (Wang and Zhang, 2013) 

In this experiment, obtained molecular weight from fig 20, image of gel after SDS-PAGE 

experiment of tested SF is around 14 KDa.  
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10.2.3 Fabrication of SF-PCL based Electrospun Nanofiber:  

The fabrication procedure of all groups of nanofibers have described in tabular form in table 4. 

Table 4: Details Parameters of Fabricated Nanofiber with Obtained Diameters 

 

 

 

 

Discussion:  

From the discussion of table 4, the diameters of all groups of fabricated nanofibers are in range 

all are under 1000 nm. The diameter and the histogram analysed by the help of SEM images in 

10X magnification by using Origin 2018 software and Image J software. It is seen that use of 

silk fibroin with PCL increase its average diameter. 
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FIG 21: SEM images and diameter measurement of (a) Pure PCL, (b) PCL SF, (c) PCL SF 

0.5% Ag (d) PCL SF 1% Ag (e) PCL-SF-1%RGO, (e) PCL-SF- RGO (f) PCL-SF-Calendula, 

(g) PCL-SF-RGO-Ag Nanofiber (For data analysis Origin software and Image J software have 

used) 
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10.2.4 ATR-FTIR Study of SF-PCL Based Nanofibers:  

 

 

Fig 22: ATR FTIR analysis of SF-PCL Based electrospun Nanofiber 
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ATR- FTIR of PCL-SF based nanofiber have analysed by the characteristic spectral absorption 

peaks of ATR- FTIR spectrophotometer (IRAffinity-1S, SHIMADZU, Chicago, Illinois). All 

ATR-FTIR spectra of nanofiber were recorded between 4000 and 500 cm−1.   

One of the most effective sampling techniques for Fourier transform infrared (FTIR) 

spectroscopy is attenuated total reflectance. In order to offer both qualitative and quantitative 

information on the chemical composition of examined samples, FTIR is a potent analytical 

technique used in both research and industry. The degree of secondary structural modifications 

as well as the existence of functional groups like amides, alkynes, trace gases, and other 

functionalities can all be determined using FTIR.  

In this study, Spectroscopic techniques such as ATR-FTIR used to study the structure of silk 

fibroin. FTIR spectra of silk fibroin provide information about its molecular structure, which 

can then be used to characterize the physical properties of the material. FTIR spectra of silk 

fibroins usually show strong absorbances at 1622 cm-1 and 1531 cm-1, corresponding to C=O 

stretching vibrations, and at 1031 cm-1 and 921 cm-1, corresponding to C–N stretching 

vibrations, which are indicative of the two different polypeptide chains that make up the silk 

fibroin molecule. The strong peaks at 1231 cm-1, which correspond to the stretching vibrations 

of the amide group. The stretching vibrations of the amide I band are mainly attributed to N-H 

stretching and C-N stretching, and can be further divided into three sub-bands: the strong peak 

around 1650 cm-1 corresponds to N-H bending; the weak peak at 1530 cm-1 is due to C-H 

symmetric deformation; and the broad peak at 1228 cm-1 is due to the a-helix conformation of 

the protein chain. The amide II band appears as a wide peak from 1000 to 1300 cm-1, and is 

mainly attributed to C-N stretching and C-C stretching. 

The obtained ATR FTIR peak of PCL nanofiber is typically observed at 2941 cm-1 (attributed 

to the C–H stretching vibrations of methyl and methylene groups), 2860 cm-1 C-H stretching 

vibration), 1728 cm-1 (associated with the C=O stretching vibration as well as the C-H bending 

mode.), and 1184 cm-1 (C-O stretching modes). 

In SF-PCL nanofiber, peaks of both SF and PCL are present which confirm about the presence 

of SF and PCL. 

The Obtained ATR FTIR peak for silver nanoparticles incorporated SF-PCL-0.5 Ag and SF-

PCL-0Ag electrospun nanofiber are at 3470 cm-1 (stretching vibration of the surface-active 
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species such as hydroxyls-OH and related adsorbed species) and peak at 960 cm-1 in the 

spectrum of silver nanoparticles is associated with a deformation mode of the silver lattice 

along with presence of SF and PCL peak.  

For, ATR-FTIR spectrum of RGO the presence of wide band at 3402 cm−1 correspond to 

stretching vibrations of the -OH bond in C-OH group, with possible contribution from water 

and presence of calendula mother tincture (Feipeng et al., 2018).  The small peaks at 2921 cm−1 

and 2851 cm−1 are attributed the stretching vibrations of CH2. The peak at 1624 cm−1 indicates 

the stretching in the sp2 vibration plane of C=C bond (Aragaw, 2020). The peak at 1717 

cm−1 corresponds to the stretching of carboxyl group. The peak at 1059 cm−1 corresponds to 

the C-O stretching vibration of epoxy group (Lee et al., 2017) (Olfati et al., 2021). 

In the spectrum of SF-PCL-RGO nanofiber the present peaks are 3402 cm−1, 2921 cm−1, 1624 

cm−1, 1717 cm−1 along with peaks of SF and PCL nanofiber. 

In the spectrum of SF-PCL-RGO-Ag all peaks of SF, PCL, Ag and RGO are present which 

gives the conformation about presence of SF, PCL, green synthesized RGO and Ag. 

In the spectrum of SF-PCL-Calendula nanofiber, the peaks are also seen. 

 

10.2.5 X-ray diffraction (XRD) Study of SF-PCL Based Nanofibers:  

By bombarding it with X-rays and seeing how the beams are diffracted, this is accomplished. 

The diffraction pattern that is produced can reveal details about the sample's atoms' dimensions, 

shapes, and locations. This enables scientists to examine and comprehend the makeup of silk 

fibroin molecules. A highly effective approach for determining the structure and orientations 

of nanofibers produced from polycaprolactone (PCL) and silk fibroin is the use of X-ray 

diffraction (XRD). The molecular structure of the nanofiber can change depending on the 

processing conditions, and this can be determined by using XRD for identifying crystallinity. 

The nanofibers' dimensions and shapes, as well as any potential interactions between the 

individual components, can also be revealed by XRD. In order to understand how the 

processing circumstances, such as the degree of mechanical stretching and solvent casting, 

influence the physical and chemical properties of these materials, it is of the utmost importance 

to understand the XRD data on silk fibroin/PCL nanofibers. 
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In this study, PCL -SF polymers were used which are semicrystalline polymer. In fig… XRD 

peak of silk fibroin has seen at 2θ = 20.6° which is represented by deep navy-blue line which 

given confirmation about regeneration of silk fibroin from B. mori silkworm cocoon.  

In PCL structure represented by bottle green coloured line, broad peaks are observed at 21.3° 

and 23.6° which represents crystal plane (110) and (200) respectively. (Wu, 2010)  

For SF-PCL nanofiber which represented by sky blue coloured line, peaks are observed at 

20.6°, 21.3° and 23.6° which ensured about the presence of SF (for 2θ = 20.6°) and presence 

of PCL (respectively 21.3° and 23.6°).  

SF-PCL-0.5Ag nanofiber is represented in fig… by purple coloured line where, 37.46° and 

44.5° are obtained due to presence of AgNPs which are responsible for crystalline plane (111) 

and (200). Peaks of PCL and SF are also present in this XRD graph. All peaks are also present 

in SF-PCL-1Ag nanofiber which is represented in this figure by deep brown coloured line.  

Here, a broader peak of green synthesized RGO can be seen at 2θ = 26.31° (Soomro et al., 

2018) which indicates about the π-conjugated structure of graphene has been restored 

considerably at the produced RGO. The presence of broad peak (002) for this RGO-Calendula 

composite implied the crystal phase. Single or multiple layers of RGO can be formed during 

the reduction of RGO from GO.  Due to presence of strong Vander Waals forces RGO 

nanosheet were stalked to each other. Another less intense peak can be seen at 2θ=42.23° with 

(001) orientation which attributed by the turbostratic band of disordered carbon mate 

(Gualdrón-Reyes et al., 2015). In this figure RGO is represented by red coloured line. 

SF-PCL-RGO nanofiber is represented by black coloured line where, peaks are observed at 

26.31°, 42.23° for the presence of RGO; 20.6° for SF and 21.3° and 23.6°.  

XRD peak of SF-PCL-RGO-Ag nanofiber shows peaks at 20.6° due to presence of SF, 

21.3°,23.6° for the presence of PCL, 26.31°, 42.23° for presence of RGO and 37.46° and 44.5° 

for the presence of silver nanoparticles.  

In the XRD peak of SF-PCL-Calendula which is represented in fig 23, by orange coloured line 

there are only peaks of SF and PCL are present. There is no any significant peak for calendula 

mother tincture.  
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     Fig 23: XRD Study of SF-PCL based Nanofiber 
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10.2.6 Contact angle Measurement of Nanofibers:  

 

 

Fig 24: Graphical representation of contact angle of SF-PCL based nanofiber 

 

The purpose of this study is to determine the water contact angle of nanofibers made of 

polycaprolactone (PCL) and silk fibroin. The sample's contact angle will be determined using 

the sessile drop method, and the findings will be recorded for comparison. Additionally, the 

study is going to look at how environmental variables including temperature, pH, and relative 

humidity affect the water contact angle of silk fibroin/PCL nanofibers. For the purpose of trying 

to understand their function in the interfacial interactions between water and silk fibroin/PCL 

nanofibers, it will also be examined the way various surface modifiers affect the hydrophilic 

property of the nanofiber. Finally, the implications of the study's findings will be examined to 

determine how the results may be used in a variety of scenarios, including tissue engineering 

and medical devices. (Chaiarwut et al., 2021) 

Water contact angle of pure PCL nanofibers where binary solvent was the mixture of 

chloroform and acetic acid in 4:1 (v/v). Sessile drop technique was used to measure the contact 

angle of the nanofibers, analysing the contact angle as a function of surface chemistry. Results 

showed that the contact angle of the PCL na0nofibers increased with increasing surface 

hydrophobicity. It can be said that PCL nanofibers exhibit greater hydrophobicity when 

produced with chloroform and acetic acid mixture, and can be used in applications where 

higher hydrophobicity is desired. 
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The hydrophobic surface of nanofibers can be a disadvantage for cell adhesion due to the 

difficulty of proteins and cells binding to the surface.  (Zhang et al., 2022) To increase cell 

adhesion, the hydrophobicity of the surface must be reduced or eliminated altogether. This can 

be accomplished through various methods, such as chemical modifications, surface 

modifications, and introducing functional groups onto the nanofiber surface. Additionally, 

bioactive molecules such as peptides, carbohydrates, or polymers can be grafted onto the 

nanofiber surface to create an environment conducive for cell adhesion.  In previous study, it 

was reported that water contact angle (WCA) of PCL nanofiber lies between 150° and 158° 

(Megaraj and Keppannan, 2018)  In this study, WCA of 17% pure PCL nanofiber is  121± 

0.07°.  

The next nanofiber group is PCL-SF which provide WCA is decreased than pure PCL 

106±2.83° which is also hydrophobic. 1% and 0.5% AgNPs doped SF-PCL nanofiber WCA 

are 96.65±5.20° and 93.75±4.31° respectively. These are also slightly hydrophobic in nature.  

Green synthesized RGO doped PCL-SF based nanofiber shows its WCA 92±5.30° and RGO-

and AgNPs both doped PCL-SF-RGO-Ag shows WCA around 92±3.82°.  

Calendula officinalis mother tincture containing PCL-SF-Calendula nanofiber shown WCA is 

90.20±3.96°. 

From the above discussion, it can be concluded that, incorporation of SF in PCL (PCL: SF = 

4:1 (v/v)) decrease the hydrophobicity.  

 

 

Table 5: WCA of SF-PCL Based Nanofiber 

Groups of Nanofibers Contact Angle 

PCL 121± 0.07 

PCL-SF 106±2.83 

PCL-SF-0.5% Ag 96.65±5.20 

PCL-SF-1% Ag 93.75±4.31 

PCL-SF-1%RGO 92±5.30 

 PCL-SF- RGO-Ag 92±3.82 

PCL-SF-Calendula 90.20±3.96 
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10.2.7 Mechanical Properties Measurement of Silk Fibroin-PCL Based 

Nanofiber:  

Mechanical properties such as young modulus, ultimate strain %, Ultimate tensile Strength 

(MPa) are the important parameters related with crystal orientation and crystallization when 

Nanofibers are used as scaffold of biological tissue engineering or as implant.  

Tensile testing is a method for determining the mechanical characteristics of PCL-Silk fibroin-

based nanofibers, such as tensile strength. This method evaluates a material's capacity to 

withstand tension or elongation when a force is applied to it. The specimen is stretched during 

the test until it breaks, at which point the peak tensile stress (ultimate tensile strength) and total 

elongation at break are calculated. Utilising a Universal Testing Machine (UTM), PCL-Silk 

fibroin-based nanofibers' tensile strength is routinely evaluated. These nanofibers typically 

have tensile strengths between 12 and 14 MPa. (Khan et al., 2022) 

Mechanical properties can be described by the obtained stress strain curve for tensile testing of 

the SF-PCL based nanofibers by measuring with UTM machine (Tinius Olsen). From the 

obtained result in table 6 It is seen that the elastic modulus of SF-PCL based nanofibers were 

increased than pure PCL nanofiber. 

Table 6: Mechanical Properties of Fabricated SF-PCL Based Nanofiber 
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Fig 25: Tensile Strength Test of Nanofibers by UTM 

The maximum breaking stress of pure PCL, PCL-SF, PCL-SF-RGO, PCL-SF-Ag, PCL-SF-

RGO-Ag, PCL-SF-Calendula are 1.82,6.34,0.614,0.152,2.16,0.292 where it is seen after 

adding SF, tensile strength has increased than pure PCL. (Kim et al., 2017)  From fig 25 it can 

be said that highest % of strain is 24.2 which is shown by pure PCL where PCL-SF nanofiber 

has shown less % of strain around 11.9%. PCL-SF-RGO, PCL-SF-1Ag and PCL-SF-RGO-Ag 

nanofiber given maximum strain 11.3%, 7.48 and 6.71% respectively. PCL-SF-Calendula 

nanofiber shown least % of strain 5.111%.  
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10.2.8 Swelling Index Study of Nanofiber:  

 

Fig 26: Swelling Index Study of SF-PCL Based Electrospun Nanofibers 

 

The graphical representation from figure 26, Present a study on the swelling index of silk 

fibroin and polycaprolactone (PCL) based nanofibers. The samples were prepared using 

electrospinning and evaluated the in vitro swelling behaviour. The results showed that silk 

fibroin nanofibers demonstrated the highest swelling index when compared to PCL nanofibers 

due to their lesser hydrophobicity. The water uptake ability of silk fibroin nanofibers was also 

higher than that of PCL nanofibers. The swelling properties of the nanofibers were found to be  

dependent on the nature of the polymer, as well as the pH of the solution. (Ertas et al., 2023) 

This study can be useful for developing components of medical devices that require high 

swelling properties. 

Here, swelling behaviour of electrospun nanofibers have measured at equilibrium condition by 

keeping small piece (1*1 cm2) of fiber in PBS (pH) at 37℃ and measured its swelling index 

which is similar to physiological environment of human body. Others parameters such as 

gaseous exchange, nutrient transport, tissue regeneration capability of the nanofiber play an 

important role. From fig 26 it can be said that after 20 hrs swelling index have increased in 

same way for all nanofibers. Here, pure PCL has shown lowest % of swelling index which 
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indicates more hydrophobicity PCL-SF-Calendula has shown highest % of swelling index 

which indicates more hydrophilicity among all groups of nanofibers. 

 

10.2.9 Invitro Biodegradation Study of PCL and PCL-SF based 

Electrospun Nanofiber: 

This study aims to investigate the biodegradation of silk fibroin and polycaprolactone (PCL) 

based nanofibers in vitro. The efficacy of biodegradation will be assessed by examining the 

weight loss of the samples over a given period of time. Different parameters such as pH, 

temperature, and medium composition are also responsible for this biodegradation process. 

This study is one of the most important studies for the use of any scaffold in in vivo use or use 

in preclinical as well as clinical study. By understanding the biodegradation mechanisms of 

these types of polymers, future applications can be developed to make them more sustainable 

and longer lasting. 
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Fig 27: Invitro Biodegradation Study of Silk fibroin PCL based Nanofibers in PBS 

In fig 27, it is shown that, weight loss is lowest for pure PCL nanofiber in all time point; at day 

1 time point % of mass only 1.87% and at day 21 % of weight loss is 12.66% which indicates 

its hydrophobicity nature.   

After incorporating 20% SF-FA with 80% of PCL, % of weight loss has increased in SF-PCL 

nanofiber which is at day 1 is 2.72% and at day 21 is 19%. The highest % of weight loss is 

observed in SF-PCL-Calendula electrospun nanofiber which is at day 1 is 5.82% and at day 21 

is 22.24 %. It can be attributed that incorporation of SF increased % of weight loss as well as 

less hydrophobicity nature. In, SF-PCL-Calendula nanofiber presence of 10% of Calendula 

officinalis mother tincture of total volume indicates more water base of that emulsion which 

shows highest % of weight loss in biodegradation study.  

10.2.10 Antimicrobial Assay of Nanofibers:  

Silk fibroin and PCL based nanofibers have been extensively studied for their potential as 

antibacterial agents due to their structural characteristics. Silk Fibroin nanofibers possess a 

permanent antimicrobial activity due to their lipophilic/hydrophobic membrane in addition to 

being a source of a mixed cationic/anionic peptides, while PCL nanofibers show an amphiphilic 

surface, enabling them to interact with bacterial membrane molecules, leading to antimicrobial 

activity. Studies have shown that both silk fibroin and PCL-based nanofibers can effectively 

inhibit the growth of various pathogenic bacteria such as Escherichia coli, Bacillus subtilis, 

Staphylococcus aureus and Pseudomonas aeruginosa.  
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Fig 28: Graphical Representation of Antibacterial Effects of SF-PCL Based Nanofiber on E. 

coli   

 

Here, in this study antimicrobial properties of fabricated SF-PCL based nanofiber has evaluated 

by checking inhibition of % of bacterial cell growth viability. In the graph of antibacterial effect 

on E. coli bacteria of fig…(a) it is seen that the total bacterial cell viability on negative control 

(bacterial growth without any antibiotic effect) is 100% and E. coli growth due to effect of 

Streptomycin is very less only 9.41% with respect of negative control.  

PCL nanofiber has antibacterial effect (Lyu et al., 2019)  as here bacterial growth has reduced 

in 73% where bacterial growth in negative control is 100%. SF-PCL based nanofiber shown 

more antibacterial effect from that can be said that SF has self-antibacterial effect. Silver doped 

SF-PCL has shown more antibacterial effect due to presence of AgNPs and SF. (Shao et al., 

2021)  

Green synthesized RGO doped SF-PCL-RGO nanofiber shown a promising result against E. 

coli growth (Mann et al., 2021) by showing 44% of bacterial growth only.  

When green synthesized RGO and Ag both are doped in SF-PCL that also shown a good 

antibacterial effect (26%) Calendula officinalis also shown a good antibacterial effect on E. 

coli (36%).  
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Among all groups of nanofibers, SF-PL-RGO-Ag has shown highest antibacterial effect on E. 

coli.  

 

Fig 29: Graphical Representation of Antibacterial Effects of SF-PCL Based Nanofiber on B. 

subtilis 

 

Recent research has revealed that nanofibers composed of silk fibroin and polycaprolactone 

(PCL) possess antibacterial properties against the Gram-positive bacterium Bacillus subtilis. 

In particular, it has been shown that these nanofibers have a strong inhibitory effect on the 

growth of B. subtilis, with minimal inhibitory concentrations (MICs) lower than those of other 

commonly used antibiotics such as ciprofloxacin and erythromycin. (Ghalei and Handa, 2022) 

Furthermore, it has been observed that the antibacterial activity of the silk fibroin/PCL 

nanofibers against B. subtilis is highly effective even at low concentrations and does not result 

in any significant cytotoxicity. These findings suggest that the silk fibroin/PCL nanofibers may 

be a promising alternative to traditional antibiotics for the treatment of bacterial infections 

caused by B. subtilis.   

Here in Fig 29, It is seen that after incorporating SF into PCL it shows better antibacterial result. 

In this study, negative control is untreated B. subtilis growth was which growth was considered 

as 100%. As a positive control in this study, 100 µg/ml concentrated streptomycin was used 

that allows only 8.42% of B. subtilis growth with respect of negative control. (Liu et al., 2010) 
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 Pure PCL nanofiber given 78% bacterial growth where PCL-SF nanofiber shown 51% of 

bacterial growth which proved self-antibacterial property of regenerated silk fibroin. 

AgNPs doped PCL-SF has shown a great antibacterial effect. PCL-SF-0.5 Ag shown 30% 

bacterial growth where PCL-SF-1Ag shown only 22% of B. subtilis growth. (Hu et al., 2020).  

Green synthesized RGO doped PCL-SF-RGO nanofiber also given a good antibacterial effect 

as here B. subtilis growth was only 38 %. SF-PCL-RGO-Ag doped SF-PCL Based nanofiber 

shown an excellent antibacterial result against B. subtilis (15.9%). SF-PCL-Calendula 

nanofiber also shown. 

 

 

10.2.11. Cell Proliferation and Cytotoxicity Assay: 

The growth and division of L929 mouse fibroblast cells has used for in vitro cell proliferation. 

Many aspects, like as the availability of nutrients, cell-cell contact, and the presence of growth 

factors, are necessary for this process to occur. The quantity of cells can be quantified to 

determine the rate of cell proliferation, or it can be determined indirectly using additional 

sophisticated methods, such as detecting the quantity of DNA present in the cell culture. 

Understanding the impact of various treatments, such as medications or chemicals, on cell 

growth and development requires studies of cell proliferation. (Karakecili et al., 2007) To 

determine the impact on cell growth, the proliferation of L929 cells on PCL-Silk fibroin-based 

nanofibers was investigated. The research results demonstrated that PCL-Silk nanofibers might 

encourage cell division, with a PCL-SF-Ag 1 nanofiber group achieving the highest cell 

division rate. The study also discovered that PCL-Silk nanofibers promoted cell differentiation 

and had an advantageous effect on cell adhesion and survival. These results suggest that PCL-

Silk nanofibers may have applications in the field of biomedical sciences. (Singh et al., 2020) 

Fig 30, shown the cell proliferation result of SF-PCL based nanofiber on L929 mouse fibroblast 

cell on day 1,3 and 7 time point. The OD of control or TCPS considered as 100% cell viability. 

From day 1 result, it is shown that cell proliferation was increased in SF-PCL (120%) based 

nanofiber than pure PCL (96%). Among all groups of nanofibers, SF-PCL-1Ag (116%) shows 

better cell proliferation that sf-pcl-0.5 Ag (111%). Green synthesize RGO incorporated SF-

PCL-RGO shows good cell proliferation (121%) and SF-PCL-Ag-RGO shows approximately 

97% cell viability where SF-PCL-Calendula shows 97% cell viability, From. This result it can 
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be said that at day 1 time point SF-PCL-RGO electrospun nanofiber shows best result in cell 

proliferation and there is no cytotoxicity effect among these nanofibers.  

 

Fig 30: Cell proliferation and Cytotoxicity Study through MTT Assay of Silk fibroin- PCL 

based Nanofiber 

 

At day 3 and 7 time point, SF-PCL-1 Ag (122%) has shown highest cell proliferation property 

than SF-PCL-RGO (115% and 121 % respectively day 3 and day 7). From the data of table… 

it is seen that when green synthesized RGO and Ag both dopants were used in SF-PCL 

nanofiber, the cell proliferation has decreased than TCPS which indicates slightly cell 

cytotoxicity than other dopants and control also. When Calendula officinalis mother tincture 

doped in SF-PCL nanofiber, it also shown a good cell proliferation data without cytotoxicity 

effect. 
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11. Conclusion:  

The present work focuses on the green synthesis of RGO from GO with Calendula officinalis 

mother tincture. The green synthesized RGO was characterized by FTIR, XRD and RAMAN 

Spectroscopy peak formation. SEM images showed about the formation of flex like RGO 

nanosheet. TEM images also shown about its fold like nanosheet formation. This green 

synthesized RGO also exhibited a good dose dependent antibacterial activity when compared 

with standard antibacterial drug Streptomycin Sulphate for both gram positive (B. subtilis) and 

gram negative (E. coli) bacteria. Calendula officinalis green synthesized RGO also shown in 

vitro hemocompatible and non-cytotoxic properties (MTT assay). Dose dependent different 

concentration of RGO treated phenotype study of L929 mouse fibroblast cells shows non 

cytotoxic property of green synthesized RGO. In live and dead assay, it is shown that at lower 

concentrations (10,20 and 50 µg/ml) there are no presence of dead cells and at 100 µg/ml the 

number of present dead cells was very low and at 200 µg/ml concentrated RGO there are few 

numbers of dead cells. For, FITC-DAPI staining it is shown that there is no any significant 

difference of cell phenotype with control or without RGO treated cells. From the above 

discussion, it can be said that as a green reducing agent C. officinalis mother tincture is able to 

synthesis RGO from GO which can be used as hemocompatible antibacterial, non-cytotoxic 

therapeutic agent in tissue engineering. This preliminary study could help in further preparation 

of antibacterial, tissue regenerative formulations in future. Fabricated Silk fibroin-PCL based 

nanofibers can be used in a variety of applications due to their excellent mechanical, 

biocompatibility, and cell proliferation properties. Addition of silk fibroin with PCL increased 

its cell proliferation on L929 mouse fibroblast cell and antibacterial properties on both E. coli 

and B. subtilis bacteria. They also have good swelling index, in vitro biodegradability and 

excellent adhesion, making them ideal for wound healing and tissue engineering. As a dopant 

among silver nanoparticle, green synthesized RGO and C. officinalis mother tincture best result 

was given by SF-PCL-1Ag nanofiber.  
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12. Future Aspects: 

• In vitro wound healing study (scratch assay) of green synthesized RGO 

• Further pharmaceutical and biomedical devices preparation of antibacterial, tissue 

regenerative formulations in future. 

• Silver ion release (ICP), XPS, EDX-SEM and invitro cell assessment study of 

Nanofibers. 
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