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Introduction: A number of biological wastes and factory waste materials have been tested recently for the eco-friendly biosynthesis 
of nanoparticles. Sericin protein (SSP) is usually removed from the silk cocoon during the degumming process in the process of 
making the silk, and this sericin protein is normally thrown away by the sericulture industries as waste materials. It is found that this 
sericin protein possesses a number of biological properties.
Methods: Considering this, in the present study, an effort has been made to biosynthesize gold nanoparticles (SSP-AuNPs) using the 
waste sericin solution as the reducing and capping agent and investigate its biopotential in terms of its wound healing, antioxidant and 
antibacterial activities.
Results: The synthesis of SSP-AuNPs was perceived by the visual color change and confirmed by UV-Vis spectroscopy with 
absorption maxima at 522 nm. Further characterization of SSP-AuNPs was done by TEM, EDS, XRD, FTIR, DLS, zeta potential, 
TGA, AFM, etc. The size of SSP-AuNPs was found out to be 54.82 nm as per the particle size analyzer and the zeta potential is −19.8 
mV. The SSP-AuNPs displayed promising wound healing potential of 70.96 and 69.76% wound closure rate at 5 and 10 µg/mL 
respectively as compared to 74.91% by the Centella asiatica taken as a positive control. It also exhibited promising antioxidant 
potential in terms of the DPPH, ABTS free radical scavenging, reducing power potential, and total antioxidant capacity. Besides, the 
SSP-AuNPs also displayed significant antibacterial activities against the tested pathogenic bacterial with the diameter of inhibition 
zones ranging between 12.10 and 14.96 mm as compared to the positive control cephalexin that displayed inhibition zones ranging 
between 12.08 and 13.24 mm.
Discussion: Taken together, SSP-AuNPs could serve as an interesting candidate for food, cosmetics, and biomedical fields in the 
applications of wound healing, cosmetics, antibacterial bandages, and ointments, etc.
Keywords: silk cocoon, biowaste, sericin, silk protein, biosynthesis, wound healing, antioxidant, antibacterial, gold nanoparticles, 
wound healing

Introduction
Nanotechnology research is a multidisciplinary field interposing the science of biotechnology and materials engineering 
together, and many significant advancements have been achieved in this interdisciplinary research that benefited humankind.1 

Currently, there have been many applications of colloidal nanoparticles in biomedical fields such as imaging, catalytic, drug 
delivery, antimicrobial agents, etc.2,3 Further, the physicochemical properties of the colloidal nanoparticles including the 
optical, electronic, magnetic, and luminescent properties greatly influence the shape, size, and composition of these 
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nanoparticles thereby influencing their overall performances.1,2,4,5 As per the requirement, the synthesis of the nanoparticles 
has been done by several specific methods and principles.3 The bio-based nanoparticle synthesis methods are getting a higher 
interest rate than other synthesis methods since the synthesis of nanoparticles using the conventional physical and chemical 
method is a very tedious process, it is more expensive, and used hazardous chemicals.1,3,6 These biological methods of 
nanoparticles using plant parts, extracts, microorganisms, fungi, etc, are cheaper, eco-friendly, and could play a significant 
role in the applications of the synthesized nanoparticles in the biomedical fields.1,7 Gold nanoparticles have distinctive 
physicochemical characteristics that vary from conventional gold metals and these characteristics are specifically adjustable 
by regulating the shape and size of the gold nanoparticles.3,8,9 Mostly like other metal nanoparticles, the gold nanoparticle 
biosynthesis by the use of green methods using a natural polymer as the reducing and capping agent has attracted massive 
attention in recent years, as it is technologically important in various fields like tissue engineering, electronic, biosensing, 
anti-bacterial, drug delivery and cancer therapy, etc.3,7,8,10–12

The cocoons of Bombyx mori are natural silk compounds having multifunctional properties with exclusive structure. 
The B. mori cocoons are the main source of silk products and are composed of an inner shell (fibroin, 70%) and a covered 
outer shell (sericin, 30%).13 Sericin is a natural glycoprotein polymer produced by silkworms.14 It is removed in large 
amounts as a biowaste material during the processing of silk cocoons for the production of silk by the textile 
industries.15,16 It is estimated that, globally, around 50 thousand tons of sericin produced from 4 lakh tons of dry 
cocoons, are generally discarded in wastewater by the textile industries.17 This waste sericin produces high chemical 
wastes and thus contaminates the water.18,19 However, sericin contains hydroxyl groups, carboxyl groups, and amino 
groups.15,20–22 Sericin is having substantial biologically active properties that permit its application in numerous fields. It 
possesses various biological activities such as antitumor activities, immunomodulatory, suppression of elastase, UV- 
resistant and moisture absorbing properties, antioxidation, kinase activity, and tyrosinase activity; it also promotes cell 
growth, wound healing, anticancer and anticoagulant properties.13,16,23–26 Owing to their biodegradation, biocompat-
ibility, and strong ability to stimulate cell differentiation, it is appropriate for bone filling applications and it has the 
prospect to provide therapeutic medicine. As it supports cell viability, the sericin compounds have potential in bone- 
associated applications and tumor therapy as drug delivery systems.27,28

In the current research, after considering the biological potential of sericin in various applications, an attempt has 
been made to extract the raw sericin from the silk cocoons of Bombyx mori and synthesize the gold nanoparticles using 
the sericin extract solution as the bio-reducing agent and investigate its bio-potentials in terms of its antioxidant, 
antibacterial and wound healing activities.

Materials and Methods
Collection, Extraction, and Purification of Sample
Raw silk cocoons of Bombyx mori were purchased from a local sericulture farm in Gyeonggi-do province of the Republic 
of Korea and immediately transferred to the laboratory in polythene bags. The outer surface wastes were removed from 
the silk cocoon by thoroughly cleaning them in running water and were surface-dried over the tissue paper. Further, the 
silk cocoon was cut into small pieces of 10 mm × 10 mm size. The extraction of sericin from the silk cocoon was carried 
out by previously established procedure.29 Briefly, around 50 gm of silk cocoon was taken in a conical flask and to which 
200 mL of an alkali solution (0.2% of sodium carbonate) was added and it was boiled at 121 °C for 1 hr. The extracted 
sericin solution (SSP) was filtered by using Whatman No. 1 filter paper and then it was concentrated to one-third of its 
volume at 60 °C and further, it was dialyzed against the distilled water at room temperature for 72–96 h. The 
concentration of the purified sericin solution was calculated by Lowry’s method. Further, the dialyzed sericin solution 
was freeze-dried and stored in airtight vials.

Synthesis of Gold Nanoparticles Using Sericin Solution (SSP)
The synthesis of sericin-mediated gold nanoparticles was carried out using the standard procedure as described by Akturk 
et al.30 Before the synthesis, different dilutions (100%, 50%, 25%, 12.5%, 6.25%, 3.125%, 1.56%, and 0.78%) of the purified 
sericin solution were made, briefly, 10 mL of the gold (III) chloride solution (1.0 mM, HAuCl4.3H2O) was taken in different 
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50-mL Erlenmeyer flasks and to them, 10 mL of different dilutions of sericin solution was added separately dropwise for 
around 10 min followed by exposure to the UV radiation by the UV lamps in a clean bench for about 24 h at room 
temperature. The visual change in the color of the reaction mixture from light yellow to purple-red-violet color confirms the 
synthesis of gold nanoparticles. After 24 h, the reaction mixture was centrifuged at 11,000 rpm for 25 min in a high-speed ultra 
centrifuge machine followed by repeated washing using the double-distilled water. Further, the supernatant was discarded and 
the pallet (biosynthesized SSP-AuNPs) was collected, dried, and kept in an airtight container for further analysis.

Characterization of Biosynthesized SSP-AuNPs
The bio-based SSP-AuNPs were characterized using different analytical methods like UV-VIS spectroscopy, transmission 
electron microscopy (TEM), energy-dispersive X-ray (EDS), zeta potential and particle size analysis, X-ray powder 
diffraction analysis (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and 
atomic force microscopy (AFM) analysis by following the standard established procedures as mentioned in previously 
published articles.31–33

UV-Vis Spectral Analysis of the Biosynthesized SSP-AuNPs
The UV-Vis spectra of the biosynthesized SSP-AuNPs were checked by measuring the absorbance spectra of the reaction 
mixture using a UV-Vis spectrophotometer (Multiskan Go; Thermo Scientific, Waltham, USA) from 300 to 700 nm for 
1 day. The change in the color of the reaction mixture was also recorded.

The TEM and EDS Analysis of SSP-AuNPs
The size and surface morphology of the biosynthesized SSP-AuNPs were analyzed by transmission electron microscopy 
(TEM, Tecnai G2 F20/FEI) and the elemental compositions of the SSP-AuNPs were analyzed by the EDS machine 
attached to the TEM. For, the TEM analysis, the samples were prepared by diluting and sonicating the SSP-AuNPs 
solutions into different dilutions, and then the copper grids were put on the solution. Then, the copper grid was removed 
from the solution and air dried and then analyzed in the TEM machine.

The Size and Zeta Potential Study of Biosynthesized SSP-AuNPs
The size distribution through DLS (Dynamic Light Scattering) and the zeta potential of the biosynthesized SSP-AuNPs were 
evaluated by the zeta potential machine (Malvern Zetasizer Nano-ZS machine, Malvern, UK) at the temperature of 25°C.

The XRD Analysis of SSP-AuNPs
The crystal structure of the biosynthesized SSP-AuNPs was determined by the XRD machine using the Cu-Kα radiation 
at 40 mA and 30 kV at an angle of 2θ (X’pert MRD; Panalytical Almelo, The Netherlands).

FTIR Analysis of the Biosynthesized SSP-AuNPs
The FT-IR spectra of the sericin extract and the biosynthesized SSP-AuNPs were determined by using the FT-IR 
spectrophotometer (Nicolet iS5 FTIR Spectrometer, ThermoFisher Scientific) within a range of 400–4000 cm−1 in 
transmittance mode. About, 2 µL of the sericin solution/SSP-AuNPs was poured on the sample collection point and 
was analyzed using the inbuilt computer software attached to the machine. Using different modes of vibration the 
occurrence of diverse types of functional groups in the sample was detected.

The TGA/DTG (Thermo-Gravimetric and Derivative Thermogravimetric Analysis) of the Biosynthesized 
SSP-AuNPs
The thermal stability and composition of the biosynthesized SSP-AuNPs were determined by a TGA machine (pyris 
TGA/N-1000, SNACK, USA). For TGA/DTG analysis, around 100 mg of the powdered SSP-AuNPs sample was placed 
in an alumina pan and heated from 25°C to 900°C at a ramping time of 10°C/minute.

The AFM (Atomic Force Microscopy) Analysis of the Biosynthesized SSP-AuNPs
The surface nature and morphology of the biosynthesized SSP-AuNPs were carried out by using an atomic force 
microscope (NanoMan/Multimode8 AFM machine, Veeco/Bruker Nano Surfaces, USA). The SSP-AuNPs samples 
were diluted and dropped on a Si wafer slide and dried at room temperature before measurement.
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Evaluation of the Biological Potential of the Biosynthesized SSP-AuNPs
The biological potential of the biosynthesized SSP-AuNPs was investigated by the wound healing, antioxidant, and 
antibacterial assays using the standard established protocols.

The Wound Healing Potential of the SSP-AuNPs
The Cell Viability (Toxicity) Assay of SSP-AuNPs 
For cell viability assay of the obtained SSP-AuNPs, the HaCaT cells were cultured in EMEM (Lonza, Walkersville, MD, 
USA) at a low concentration of Ca2+ (0.03 mM), supplemented with 10% FBS and 1% penicillin/streptomycin 
(Invitrogen Inc., Carlsbad, CA, USA), at 37°C in a humidified incubator. The effects of SSP-AuNPs on the viability 
of HaCaT cells were examined using MTT assays.34 HaCaT cells were seeded at a density of 5×104 cells/well to 96-well 
plates. After 24 h, cells were treated with SSP-AuNPs (5, 10, 25 µg/mL) for 24 h. After treatment, the culture medium 
was removed, then 100 µL fresh medium and 10 µL of MTT reagent (5 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) 
were added to each well. The plate was incubated at 37°C for 4 h. The medium was removed and 50 µL DMSO was 
added to each well and incubated for 30 min. Absorbance was measured at 570 nm using a microplate reader (Tecan, 
Mannedorf, Switzerland).

Scratch Wound Assay of SSP-AuNPs 
For scratch wound assay of SSP-AuNPs, the HaCaT cells were seeded at a density of 4×105 cells/well on 12-well plates 
and allowed to achieve 100% confluence.34,35 Then, the cells were scratched and treated with SSP-AuNPs samples (5, 10, 
25 µg/mL) or Centella asiatica extract (positive control, 100 µg/mL; United States Pharmacopeia (USP) Reference 
Standard, purchased from Sigma Aldrich). The images of scratch gap width for each time-point were captured by 
Lionheart FX Automated imaging system and measured using Gen5 Imager software (Biotek Instruments Inc., Winooski, 
VT, USA). The rate of wound closure rate was calculated using the following formula: wound closure Rate = (original 
scratch gap width - open gap width on 24h)/original scratch gap width *100.

The Antioxidant Potential of SSP-AuNPs
The antioxidant potential of the SSP-AuNPs was determined by four different antioxidant assays such as the 1,1-diphenyl- 
2-picrylhydrazyl (DPPH) free-radical scavenging, 2,2-azino bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) free-radical 
scavenging, reducing power assays and the total antioxidant capacity (TAC) following the standard protocol as described by 
Patra and Baek33 The effective concentration that exhibited 50 % of scavenging was also calculated in terms of the IC50 or 
the IC0.5 values.

DPPH Free Radical Scavenging Assay 
The DPPH free radical scavenging of the biosynthesized SSP-AuNPs was determined by the standard protocol as 
described by Patra et al.36 Briefly, three different concentrations (25, 50, and 100 μg/mL) of the SSP-AuNPs and BHT 
(butylated hydroxytoluene) taken as the standard reference compound were taken for the assay. The absorbance of the 
reaction mixtures was measured at 517 nm using the microplate reader (Multiskan Go; Thermo Scientific, Waltham, MA, 
USA) and the results were calculated as per the following equation:

where Cabs is the absorbance of the control sample and Tabs is the absorbance of the treatment sample.

ABTS Free Radical Scavenging Assay 
The ABTS radical scavenging activity of SSP-AuNPs was determined as per the standard procedure of Das et al.37 

Before the experiment, stock solutions of 7.4 mM ABTS and 2.6 mM of potassium persulfate were prepared and mixed 
equally and kept in dark for 12 h. For the experiment, briefly, 30 μL of different concentrations of the SSP-AuNPs (25, 
50, and 100 μg/mL) and the standard BHT were added to the vials containing 270 μL of the ABTS mixture solution and 
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kept in dark for 2 h. After incubation, the absorbance of the mixture solution was measured at 734 nm, and the 
scavenging percentage of ABTS free radical was calculated by following equation 1.

Reducing Power Assay 
The reducing power of the biosynthesized SSP-AuNPs was determined by the standard procedure as described by Patra 
et al.38

Briefly, 50 µL each of SSP-AuNPs/BHT (25, 50, and 100 μg/mL), phosphate buffer (0.2 M, pH 6.6), and potassium 
ferricyanide (1%) are mixed and incubated at 50 °C for 20 min in dark. After incubation, the reaction was terminated by 
adding 50 µL of TCA (10%) followed by centrifugation at 3000 rpm for 10 min. Then, 50 µL of the supernatant was 
collected, and to it, distilled water was added to make up the volume to 100 µL then, 10 µL of FeCl3 (0.1%) was added 
and the mixture was kept for 10 min at room temperature. Lastly, the absorbance of the reaction mixture was measured at 
700 nm and the results were presented in terms of the absorbance value.

Total Antioxidant Capacity 
The TAC of the SSP-AuNPs was determined using the assay kit (MAK334, Sigma-Aldrich) by the standard protocol of 
the manufacturer. The absorbance was measured at 570 nm. The TAC values of the sample were calculated according to 
the following equation:

where Cabs is the absorbance of the control sample, Tabs is the absorbance of the treatment sample and n is the sample 
dilution number. The slope is calculated from the linear calibration formula generated from the standard curve.

The Antibacterial Potential of SSP-AuNPs
The antibacterial effect of the biosynthesized SSP-AuNPs was determined against four different foodborne pathogenic 
bacteria (Escherichia coli O157: H7 ATCC 23514, Enterococcus faecium DB01, Salmonella enterica KCCM 11806 and 
Salmonella Typhimurium KCTC 1925) using a standard disc diffusion assay as described by Patra and Baek.33 Prior to 
use, the pathogenic bacteria were subcultured in the nutrient broth media. For the disc diffusion assay, a paper disc of 100 
µg of SSP-AuNPs/disc and 10 µg of cephalexin/disc (standard antibiotic) was prepared. The pathogens were spread 
uniformly on the agar plates and the filter paper discs were placed over them and incubated for 24 h at 37°C. The 
antibacterial activity of the SSP-AuNPs and standard cephalexin was calculated by measuring the diameter of the zone of 
inhibition after the incubation period.

Further, to determine the minimum inhibitory concentration (MIC) of the SSP-AuNPs, the twofold serial dilutions 
procedure was followed.39 Before the test, different concentrations of the AuNPs were prepared by twofold serial dilution 
method, and to them, about 10 µL of different pathogenic bacterial culture was added separately and incubated at 37°C 
for overnight. After the incubation period, the MIC value was calculated by visual observation. The lowest concentration 
of the sample that did not show any distinctly visible growth of the bacteria in the solution is measured as the MIC of the 
SSP-AuNPs. Whereas the corresponding concentration of the SSP-AuNPs that showed no growth of the bacteria on the 
agar plate was measured as the minimum bactericidal concentration (MBC).

Statistical Analysis of the Biosynthesized SSP-AuNPs
All experiments were performed in triplicates and the results are presented as the mean value and standard deviations. 
Further, the statistical analysis data of SSP-AuNPs was performed by ANOVA (one-way analysis of variance) followed 
by Duncan’s multiple range test at a 5% level of significance (P < 0.05) using SPSS version 27.0 (IBM Corp., Armonk, 
NY, USA). Linear regression analysis and Pearson’s correlation analysis were also conducted using the SPSS software to 
estimate the association between the parameters.
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Results and Discussion
The Biosynthesis and Characterization of SSP-AuNPs
Sericin which is hydrophilic has 18 amino acids and most of which have the amino, carboxyl, and hydroxyl groups.40 It 
has been reported that the synthesis of gold nanoparticles from the precursor compound was possible due to the action of 
the phenylalanine, tryptophan, and tyrosine present in sericin which is involved in the redox reaction.40,41 In the current 
study, sericin was extracted from the silk cocoon by the degumming process. After extraction followed by purification 
using dialysis, the concentration of the purified sericin was found to be 3.59% as calculated by Lowry’s method by taking 
bovine serum albumin as the standard (R2 > 0.99). The biosynthesis of the SSP-AuNPs was carried out by taking the 
sericin biowaste solution (Figure 1A), a protein polymer from the silk cocoon as the reducing and capping agent. In the 
current investigation, different dilutions of sericin solution (100%, 50%, 25%, 12.5%, 6.25%, 3.125%, 1.56% and 0.78%) 
was used for the biosynthesis of gold nanoparticles and it was concluded that the synthesis of NPs was not possible at the 
higher concentration of SSP extracts (100%, 50%, 25%, 12.5%) as well at very low SSP extract concentration (0.78%) as 
evident from no visual color change in the reaction mixture. However, there was visible color changes in the three 
reaction mixture solutions containing 6.25%, 3.13%, and 1.56% SSP extract, and the best result was obtained at the 
concentration of 1.56% with distinct purple-red-violet coloration and a clear UV-Vis spectral peak of the reaction 
solution (Figure 1B and C). Hence, we have used the SSP-AuNPs that were synthesized with a sericin concentration of 
1.56% for further characterization and application studies. Sericin has been reported to possess a number of bioactive 
potentials, which is an important cause for selecting it to use it as a reducing agent in the synthesis process.

After its synthesis, the biosynthesized SSP-AuNPs were characterized by various standard methods such as UV-Vis- 
spectral analysis, TEM, EDS, zeta potential and dynamic light scattering-particle size analysis, XRD, FT-IR, TGA, and 
AFM analysis, etc. During the process of nanoparticle synthesis, the visual color change confirmed the conversion of 
gold ions to the gold nanoparticle (Figure 1B). The gradual change of color from transparent to purple-red-violet color 
(Figure 1B) confirmed the biosynthesis of SSP-AuNPs, and further, it was also evidenced by the UV-Vis spectral analysis 
results (Figure 1C). The surface plasmon resonance value was observed at 522 nm wavelength at 24 h (Figure 1C), which 
is specific for gold nanoparticles as evident from previously reported results.30,40,42,43 This surface plasmon resonance 
was detected due to the movement of free electrons in the conduction band because of the interaction with the 
electromagnetic radiation.40,44

Commonly, TEM is considered as a great tool to gather data about the size, dispersion, and morphology of the 
synthesized nanoparticles.45 The TEM analysis results revealed that the biosynthesized SSP-AuNPs are nearly spherical 
and are well dispersed in shape (Figure 2A), with no noticeable accumulation.46 The selected area electron diffraction 
(SAED) pattern provided further evidence of the crystalline nature of the SSP-AuNPs (Figure 2B). The average size of 
the obtained nanoparticle in the TEM image was calculated as 10.819 nm by the ImageJ software (Figure 2C). The TEM 
image was taken after 2 months of the biosynthesis after completing all reactions, and the particles did not agglomerate 
which confirmed that the samples are stable (Figure 2A). The elemental composition of the SSP-AuNPs was detected by 
EDS analysis and the results, showed that the SSP-AuNPs are mainly composed of Au (98.11%) along with very 
negligible other signal peaks like Si, Cu, and O (1.88%) (Figure 2D).

The size distributions (hydrodynamic diameter) and surface charges of the SSP-AuNPs were estimated through the 
DLS and zeta potential study. The Z-average hydrodynamic diameter (size distribution) of SSP-AuNPs is calculated as 
54.82 nm with a 0.307 PDI (polydispersity index) value (Figure 3A) and the zeta potential was found out −19.80 mV 
(Figure 3B). It is seen that the size distribution from the TEM image and size distribution by the DLS instrument is 
different and the reason behind this difference is that the TEM analysis is a number-based technique and it only gives 
emphasis to the smallest components in the exposed surface of the image whereas the DLS analysis is an intensity-based 
technique and puts higher emphasis on the large particle sizes in the mixture solution, with the solvent layer and thus 
sometimes they get aggregated. Besides, the DLS measures the hydration sphere diameter of the nanoparticles and it is 
a cumulative analysis method it measures hundreds and thousands of nanoparticles in the mixture solution; hence, its 
value is higher than that of the TEM size. This discussion on the particle size distribution has been debated in previously 
published literature.47 The high negative charge zeta potential of the SSP-AuNPs represents the long period stability of 

https://doi.org/10.2147/IJN.S378806                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 22

Das et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


the synthesized NPs with better colloidal nature.37,48 Further, it is said that the high positive or negative values of the zeta 
potential showed a tendency to repel each other among the nanoparticles and thus reduce the accumulation of the NPs 
among each other.49 Here, the polydispersed nature of the SSP-AuNPs is mainly because of the high negative zeta 
potential which averts the aggregation of the NPs among each other, resulting in well dispersed and stable materials. The 
current hypothesis is also proved by the TEM image (Figure 2A).

Further, to study the crystalline nature of the SSP-AuNPs, the XRD analysis was performed and the results are shown 
in Figure 4. The five well-defined diffraction peaks were detected at 2 theta angles in the SSP-AuNPs at 38.3°, 44.47°, 

Figure 1 (A) Silk cocoon, sericin powder, and sericin solution; (B) Color change during biosynthesis of SSP-AuNPs; (C) UV-VIS spectral analysis of SSP-AuNPs at different 
sericin concentrations.
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64.96°, 77.93°, and 82.21° which are assigned to 111, 200, 220, 311, and 222 respectively as per the Bragg’s reflections 
of the FCC crystalline gold structure in accordance with JCPDs Card No. 65–8601.44,50 The distinctly broad diffraction 
peaks of the SSP-AuNPs indicate the small size of the synthesized NPs. It is remarkable here that the peak at 38.3° 
corresponding to (111), is more intense than that of the other planes51,52 which was observed in the XRD profile and it 
confirms that the obtained SSP-AuNPs were crystalline in nature (Figure 4). These obtained results corroborate with 
previously reported results.53–55 Apart from the distinct peaks, few other peaks were observed (denoted as “*” in the 
Figure 4), and among them, two peaks between 20° and 30° 2 theta angle might be due to the presence of different amino 
acids in the sericin.50

To identify the major functional groups present in the SSP and SSP-AuNPs, the FT-IR analysis was carried out. The 
FTIR spectrum of the SSP was found as 3375.08 cm‾1, 1658.45, 701.19, 668.27, and 598.00 cm−1. Whereas in the case of 
the SSP-AuNPs, the spectrums were probably shifted to 3345.59, 1643.51, 665.12, 597.85, and 554.23 cm−1, respectively 
(Figure 5). In the FT-IR spectra of the SSP-AuNPs, the significant peaks of pure silk sericin were conserved, which 
signifies the successful capping of sericin on the SSP-AuNPs.30 The FTIR results showed a variation in peak values with 
changed stretching modes between SSP to SSP-AuNPs (Figure 5). For SSP-AuNPs, the detected peaks at 3345.59 cm−1 

Figure 2 (A) TEM image of SSP-AuNPs (inset: magnified view); (B) SAED images of SSP-AuNPs; (C) size distribution; (D) EDS spectra of the SSP-AuNPs.
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may be due to the O-H stretch, H-bonded bond of alcohols and phenols, or due to the N-H stretch of the primary and 
secondary amines and amides functional groups.56 The peaks at 1643.51 cm−1 state the presence of medium – 
C=C-stretch bond of alkenes or N-H stretch of the primary amines functional group. In the synthesis of SSP-AuNPs, 
amine groups might have played a major role as both the reducing agents and stabilizers due to the transmission of their 

Figure 3 (A) Particle size distribution and (B) zeta potential of SSP-AuNPs.

Figure 4 XRD analysis of the biosynthesized SSP-AuNPs. *Denotes some unknown peaks.
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electrons to the Au3+ ions.30 The peaks at 597.85 cm−1 and 554.33 cm−1 specify the existence of the C-Br stretch bond, 
which belongs to the alkyl halide functional groups.56 This observation suggested that the N─H and –C=C- functional 
groups in the SSP must have supported the formation of the SSP-AuNPs.30 The shifting of different functional groups 
from the SSP-AuNPs to SSP-AuNPs might be due to the progression of the synthesis process. It is also found that, when 
both the spectra are compared, a clear peak at 554.23 has appeared in the SSP-AuNPs which could be due to the capping 
and the stabilization of the SSP-AuNPs by the SSP. It was believed that the interactions of the hydroxyl groups of SSP 
with the Au3+ ions could have circumvented the agglomeration and precipitation of SSP-AuNPs in the high ionic strength 
solutions.30,57

The TG/DTG analysis of the SSP-AuNPs at 25 °C–990 °C is presented in Figure 6A. The TG/DTG displayed a total 
weight decomposition of 66.81% in three phases (Figure 6A). The first phase of decomposition was from 25 to 150 °C 
that accounts for 6.71% of weight loss which could be due to the water and other small molecules attached to the surface 
of the particles and resulting in a small amount of mass loss of the sample; the second phase was from 151 to 450 °C, 
accounting for 50.40% of the weight decomposition and due to the loss of organic materials in the sample and as the 
temperature further continues to rise, the third phase was from 451°C onwards, that accounts for a weight loss of around 
9.70% and that might be due to the degradation of the residual compounds present in the sample. With the increase in 
temperature, the DTG curve shows five peaks, and the inflection points of the peaks are 99.9 °C, 143.0 °C, 220.0 °C, 
314.5 °C, and 394.5 °C, respectively (Figure 6A). The reduction in the weight of the synthesized SSP-AuNPs signifies 
the involvement of the sericin protein in the biosynthesis, capping, and stabilization of the nanoparticles.58–61

The shape and size of the SSP-AuNPs were further determined by the AFM analysis in both 2D and 3D (Figure 6B and C). 
Figure 6B represents the two-dimensional image of SSP-AuNPs which are monodispersed and spherical in shape. Figure 6C 
represents the three-dimensional images of SSP-AuNPs are crystalline and spherical in shape. The height measurement 
showed that the SSP-AuNPs had a diameter of around 10 nm. The current result corroborates with the previously published 
literature.61–63

Biological Potential of the Biosynthesized SSP-AuNPs
The biological potential of the SSP-AuNPs was investigated by the wound-healing, antioxidant and antibacterial assays. 
The wound healing potential of the SSP-AuNPs was determined by the scratch wound assay, and the results are presented 
in Figure 7. Prior to the analysis, the sample was subjected to cell viability (cytotoxicity) study, and the results showed 
that SSP-AuNPs have no influence on the cell viability of the keratinocytes with more than 94% viability percent at three 
different tested concentrations (5, 10 and 25 µg/mL) (Figure 7A). The wound healing potential was estimated by 
visualizing the closure of the scratch produced after 12 and 24 hours of incubation and the results were compared 

Figure 5 FT-IR analysis of the biosynthesized SSP-AuNPs and the SSP extract.
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with the results of Centella asiatica, taken as the positive control (Figure 7B). The results showed that the SSP-AuNPs 
promote wound healing without having no influence on cell viability. However, the highest concentration of the SSP- 
AuNPs (25 µg/mL) did not have the desired impact of increasing wound healing. Besides, the wound closure rate was 
also calculated and results showed that the SSP-AuNPs (5 and10 µg/mL) exhibited promising wound closure rates of 
70.96 and 69.76% respectively as compared to 74.91% by the Centella asiatica taken as the positive control (Figure 7C).

Wound healing is a complex and vigorous process that is a reaction to the cell injury intended at restructuring the 
damaged tissue and involves particular management of the angiogenesis, connective tissue repair, and re- 
epithelialization.64,65 It has been testified that the wound healing activity of any tested drugs is accredited mainly to 
the enhanced wound contraction and the shorter epithelialization period.64,66 The keratinocytes are the numerous cells of 
the epidermis of the skin and are commonly used as the cells for the wound healing experiment. They play a crucial role 
in the wound healing progression, principally in the proliferation phase that includes the re-epithelialization and 
granulation of tissue.34,67 Increased keratinocyte proliferation and migration are two mechanisms that contribute to 
wound healing. The efficacy of SSP-AuNPs in boosting wound healing is likely owing to their enhanced migration, as 
determined by the cell viability test. C. asiatica extract was employed as a positive control in this experiment since it is 
well known for its wound-healing qualities.34

The antioxidant potential of the SSP-AuNPs was investigated by the DPPH, ABTS, and the reducing power assay, 
and the results are presented in Figure 8. The biosynthesized SSP-AuNPs exhibited overall a good DPPH scavenging 

Figure 6 (A) TG/DTG analysis of the biosynthesized SSP-AuNPs; and AFM analysis of the biosynthesized SSP-AuNPs (B) 2D image and (C) 3D image.
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potential and all the three tested concentrations of 25, 50, and 100 µg/mL as compared to the BHT, taken as the reference 
standard compound (Figure 8A). In fact, the SSP-AuNPs displayed a promising 74.37% of scavenging as compared to 
the 59.59% by BHT at 100 µg/mL concentration (Figure 8A). Similarly, it also displayed a moderate ABTS free radical 
scavenging potential at the three concentrations as compared to the standard BHT (Figure 8B). The maximum scavenging 
potential of 26.56% was exhibited at 100 µg/mL concentration in comparison to 91.71% by BHT at the same 
concentration. Again, the SSP-AuNPs displayed an increasing reducing power at all three different tested concentrations 
and the results are comparable with the standard BHT, taken as the reference compound (Figure 8C). Further, the IC50 

values of the SSP-AuNPs for the three antioxidant assays are also calculated, and the results are presented in Table 1. The 
IC50 values of the SSP-AuNPs for the DPPH assay were found to be 68.48 µg/mL; for ABTS it is 173.43 µg/mL and for 
the reducing power, the IC0.5 value is 208.68 µg/mL (Table 1). Similarly, for the standard BHT, the IC50 and the IC0.5 

values were calculated as 50.80 µg/mL, 31.91 µg/mL, and 75.79 µg/mL for DPPH, ABTS, and reducing power assays 
respectively (Table 1). Besides, the total antioxidant capacity (TAC) of the SSP-AuNPs was evaluated, and the result is 
presented in Table 1). The TAC for SSP-AuNPs and BHT was calculated as 23.64 µM Trolox equivalent and 23.43 µM 
Trolox equivalent at 50 µg/mL concentration.

Overall, the SSP-AuNPs displayed a moderate antioxidant potential and the activity might be due to the sericin 
protein used as the reducing and capping agent in the synthesis of SSP-AuNPs. The results also showed that the SSP- 

Figure 7 Wound healing potential of SSP-AuNPs. (A) Cell viability test; (B) Scratch wound assay images at 0 h, 12 h, and 24 h of incubation; and (C) Wound closure rate.
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AuNPs exhibited potent free radical scavenging activities that increased with the increase in the concentration of the 
sample, which might be due to their ability to donate electrons or hydrogen ions to the free radicals to neutralize 
them.68,69 The excess production of the extremely reactive, unsteady, and initiator of the free radical reactions because of 
the disparity between the oxidation-reduction process resulted in the generation of cell stress and cell death-related 
ailments.49,70 Hence, it is very much essential to neutralize the effect of the free radicals, which in this case can be 
effectively carried out by the SSP-AuNPs. When the antioxidant parameters are plotted against each other, a positive 
tendency was observed between them the R2 values of 0.855 (for DPPH-ABTS), 0.879 (for DPPH-reducing), and 0.802 
(for ABTS-reducing) (Figure 8D). Similarly, a strong positive trend was also observed from the Pearson’s correlation plot 
between the DPPH, ABTS, and the reducing power assays with an r-value of 0.924, 0.938, and 0.895 respectively at 
P<0.01 (Table 2).

Figure 8 Antioxidant scavenging potential of the biosynthesized SSP-AuNPs. (A) DPPH free radical scavenging assay; (B) ABTS free radical scavenging assay; (C) Reducing 
power assay; (D) Regression analysis of antioxidant parameters. Different superscript letters (a–e) in each bar of the figure A-C respectively are statistically significant at 
P<0.05.
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At last, the antibacterial potential of the biosynthesized SSP-AuNPS was estimated against four different foodborne 
pathogenic bacteria, and the result is presented as the diameter of inhibition zones (Table 3, Figure 9). The results 
displayed that SSP-AuNPs at a concentration of 100 µg/disc, are highly effective against the four tested pathogens with 
the diameter of inhibition zones ranging between 11.10 and 14.96 mm as compared to the 12.08–13.24 mm by the 
cephalexin (at 10 µg/disc), taken as the positive control (Table 3, Figure 9). The SSP-AuNPs were more active against 
the S. Typhimurium with 14.96 mm inhibition zones, whereas the cephalexin displayed 12.08 mm against the same 
pathogen (Table 3, Figure 9). The MIC and MBC of the SSP-AuNPs and the cephalexin ranged between 25–100 µg/mL 
and 2.5–10 µg/mL, respectively (Table 3).

Table 2 Correlation Analysis Between the Three- 
Antioxidant Parameters of SSP-AuNPs

Correlations

DPPH ABTS REDUCING

DPPH 1 0.924** 0.938**

ABTS 1 0.895**

REDUCING 1

Note: **Correlation is significant at the 0.01 level (2-tailed).

Table 1 IC50 Values of Antioxidant Assays and Total Antioxidant 
Capacity of SSP-AuNPs

Antioxidant Assays IC50 value (µg/mL)

SSP-AuNPs BHT

DPPH 68.48 50.80

ABTS 173.43 31.91

Reducing (IC0.5) 208.68 75.79

TAC* (µM Trolox equivalent) 23.64±4.07 23.43±6.99

Note: *TAC value at 50 µg/mL of the sample.

Table 3 Antibacterial Potential of SSP-AuNPs and Cephalexin Against the Pathogenic Bacteria

Pathogenic Bacteria Antibacterial Activity in Diameter of 
Inhibition Zones (mm)

MIC and MBC

SSP-AuNPs Cephalexin

SSP-AuNPs  
(100µg/disc)

Cephalexin  
(10µg/disc)

MIC (µg/mL) MBC (µg/mL) MIC (µg/mL) MBC (µg/mL)

E. coli 11.10±0.58e* 13.12±0.16c 50 100 2.5 05

E. faecium 12.39±0.04d 13.24±0.48c 25 50 2.5 05

S. enterica 14.20±0.41b 12.45±0.67d 25 50 05 10

S. Typhimurium 14.96±0.08a 12.08±0.39d 25 50 05 10

Notes: *All data are expressed in mm as mean value ± standard deviation. Diameter of inhibition zones with different superscript letters (a–e) in both the columns are 
statistically significant at P<0.05.
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Currently, the emergence of multidrug-resistant pathogens in the environment is very common, and it might have 
a hostile effect on human health.71,72 There are a few hypotheses, predicting the antibacterial mode of action of the SSP- 
AuNPs against the four tested foodborne pathogenic bacteria. One of them is that its antibacterial effects could be 
credited to their ability to attach to the cell wall of the pathogenic bacteria and causing cavity and altering the 
permeability of the bacterial cell membrane and resulting in the death of the bacterial cells as evident from the previously 
published literature.73,74 Besides, another hypothesis on the antibacterial mode of action of the SSP-AuNPs against the 
four tested foodborne pathogenic bacteria could be that, the SSP-AuNPs might have easily infiltrated into the bacterial 
cell wall due to their smaller size and spherical shapes and eventually could have damaged the cell wall, resulting in the 
outflow of the cellular material and cell death.33,75 The third one is that the SSP-AuNPs could have bound to the bacterial 
DNA, resulting in the inhibition of uncoiling and transcription of the bacterial DNA, which leads to the leading to cell 
death.75 This entire hypothesis confirms that the SSP-AuNPs could serve as a promising antibacterial agent in various 
applications in the food, cosmetics, and biomedical industries.

Conclusion
The sericin protein-based biosynthesis of the SSP-AuNPs in the presence of the UV radiations could be an alternative, 
cost-effective and easy method of gold nanoparticle biosynthesis that could replace the conventional chemical methods. 
The use of sericin protein which is usually a bioproduct of the sericulture industry, as a reducing and capping agent in the 
biosynthesis process is an addition to the eco-friendly and economical way of synthesizing nanoparticles and also 
utilization of biological waste materials from the sericulture industries. The synthesized SSP-AuNPs were characterized 
by a number of techniques and the visual color change and UV-Vis spectroscopy confirmed the synthesis of gold 
nanoparticles, with absorption maxima at 508 nm. The average size by the particle size analyzer was determined as 
54.82 nm and the zeta potential is −19.8 mV. The SSP-AuNPs displayed as a promising candidate in the healing of skin 
cells related wounds at a concentration of 5 and 10 µg/mL, scavenger of free radicals proving its antioxidant capacity 
(around 74.37% of scavenging as compared to 59.59% by the BHT at 100 µg/mL concentration) and inhibition of 
pathogenic bacteria as a strong antibacterial component (with a diameter of inhibition zones ranging between 11.10 and 

Figure 9 Antibacterial potential of the biosynthesized SSP-AuNPs against the tested pathogenic bacteria.
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14.96 mm as compared to 12.08–13.24 mm by the positive control cephalexin). Overall, the SSP-AuNPs could be an 
encouraging candidate for food cosmetics, and biomedical industries in applications such as a component of wound 
healing drugs, antioxidant components in skin care, and antibacterial components in antibacterial bandages and 
ointments. These sericin-mediated SSP-AuNPs can be a favorable nanoscale-sized mediator for biomedical applications 
with their in vitro biocompatibility, admirable aqueous stability and efficient wound healing, antioxidant and antibacter-
ial activities.
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