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Background: Silk, a natural biowaste protein from silkworm cocoons called sericin, has promising properties as a biomaterial for
several biomedical applications, owing to its excellent biocompatibility, biodegradability, hydrophilicity, and reactivity.

Purpose: The synthesis of AgNPs using these biowaste protein materials is more efficient, environmentally friendly, and cost-
effective.

Methods: In this study, a novel approach was developed to synthesize silver nanoparticles (Scn-AgNPs) using sericin as a reducing agent
and to study their anti-inflammatory, wound healing, antidiabetic, antioxidant, tyrosinase inhibitory, and antibacterial mechanisms of action.
Results: The initial production of Scn-AgNPs was established by a visual color change to brown, followed by UV-visible spectro-
scopy, which showed a solid absorption band at 422 nm due to surface plasmon resonance. The mean particle size 82.77 nm with
a polydispersity index of 0.387, and —30.8 mV zeta potential specifies the strong stability of the nanoparticles. Scn-AgNPs
demonstrated promising wound healing potential, with around 67.72% of wound closure rate at 25 pg/mL concentration. Besides,
It also displayed significant anti-inflammatory, antioxidant (in terms of DPPH (75.48%), ABTS (95.04%), SOD (73.92%) potential),
antidiabetic properties (95.32% of a-amylase inhibition and 94.42% of a-glucosidase inhibition), and tyrosinase inhibition (27.07%)
potentials. Furthermore, the Scn-AgNPs also exhibited significant antibacterial potential with the inhibition zones diameter ranging
from 13.84 to 16.90 mm against all the three tested bacteria.

Conclusion: The results indicated that Scn-AgNPs could be a potential candidate for various applications, including cosmetics for
preparing antioxidant rich gels and nano formulations, in the biomedical field as a component of wound dressing, antibacterial
dressing, drug carriers and drug delivery systems, and in environmental sectors as antibacterial agents, food packaging, food additives
and in vitro/in vivo monitoring. This study highlights the use of sericin bio-waste materials into valuable resources, endorsing
sustainability and enhancing the commercial value of silk-based bio-waste materials.
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Introduction

Nanotechnology encompasses the strategy, synthesis, and management of resources that can be appropriately used for
necessary applications at the nanoscale level to attain exclusive things."* Nanocomposites are a unique class of multi-
phase nanostructured units. It displays exclusive physiochemical characteristics that make it a possible candidate against
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several synthetic therapeutic agents.> Therefore, they can be used as nanocarriers in drug delivery systems.*® Metallic
nanoparticles have established prospective uses, such as embattled antimicrobial applications, drug distribution, cancer
treatment, optical devices, catalysis, water treatment electronics, and magnetic fields, because of their unique
characteristics.”” Sometimes, metallic nanoparticles, when used alone, can affect biological systems. Thus, to reduce
the cytotoxic effect of these metallic nanoparticles and to improve their antimicrobial and other biological effects, it is
better to coat them with a biocompatible biological medium.® Several reports have suggested the use of nanoformulations
and their combinations in biomedical applications.®!' In a study by Zhang et al,'’> the author has formulated pH-
sensitive, iron-coordinated polymer nanoparticle integrating a mitochondrial-targeting drug for its synergistic tumor
therapy.'? In another study, a nano-biomimetic delivery system was designed that enhances the hypoxia respond to the
environment of the cancer cells and was also able to effectively load the photosensitizer indocyanine green helpful in the
phototherapy and chemotherapy for cervical cancer treatment.'

Nanoparticles manufactured by the organic method are exceedingly good compared to those obtained by chemical
and physical approaches because they are inexpensive, environmentally friendly, and are obtained by a one-step
procedure.'* Using a controlled biological approach, nanoparticles of specific sizes and shapes can be produced.’
Recently, noble metals such as silver, gold, and platinum have been extensively investigated for a variety of applications,
such as sending, biomedicine, optics, etc.' Silver nanoparticles (AgNPs) are well-known nanomaterials owing to their
outstanding broad-spectrum biological prospects. Silver nanoparticles (SNPs) have attracted considerable attention owing
to their useful properties in the fields of biosensor materials, wastewater treatment, pollution remediation, food packaging
materials, composite fibers, etc.”'® SNPs can be synthesized using a range of approaches, from the chemical to the
physical synthesis process.'”"'® However, recently, researchers have begun using green synthesis methods that are
environmentally sustainable, affordable, and non-toxic in nature, without any harmful byproducts.'*°

By-products significantly contribute to industrial pollution. Nevertheless, it is likely that these by-products can be
converted to valuable substances using suitable management systems.”' For instance, in the silk/textile industry, water
pollution usually occurs when wastewater from the degumming process runs out through drains and mixes with natural
water bodies, resulting in high chemical oxygen demand and biological oxygen demand levels in the water bodies.>' This
water pollution is due to the addition of sericin to wastewater.”* Globally, approximately fifty thousand tons of sericin are
abandoned.?**** This is an abundant waste of natural resources that causes severe ecological contamination. Hence, the
retrieval and recycling of discarded sericin from wastewater bodies could serve two purposes: mitigation of waste-
polluted water and utilization in beneficial purposes for economic, social, and environmental advantages. Sericin is
a hydrophilic globular protein formed entirely in the silk glands of silkworms. The Cocoons are generally composed of
approximately 25% sericin and 75% fibroin, and this 25% sericin protein is thrown away as a waste in the reeling process
of silk.>> Sericin has a number of properties, which make it an excellent component for food packaging and food additive
material manufacture. Further, when compared to other proteins and their derivatives, sericin could be explored for
biomaterial applications since it has received the FDA approval.?>*® It possesses many biological properties such as
antimicrobial, antioxidant, mitogenic effects promoting cell growth and wound healing potentials.”’ >° Its numerous
biological properties promote wound healing and anticancer cell growth, etc.>°>* Additionally, sericin exhibits
a thermoresponsive action comparable to that of gelatin, transitioning between liquid and gel states with temperature
changes that could be beneficial for its biomaterial applications in cosmetics, tissue engineering, pharmaceutical, etc. in
the wound repair and skin regeneration, as hydrogels, films, conduits, scaffolds etc.?%33-*542

One of the significant property of sericin, ie its unique amino acid composition, aids in its amphipathic and acid-base
sensitivity, making it suitable for drug delivery.* Latterly, including sericin protein as nano-conjugates has started
a promising area of research that influenced the exclusive sericin properties improving the effectiveness and strength of
sericin-based nanomaterials. For example, a study by Dan et al** have displayed the effective potential of sericin-based
nanomaterials in targeted drug delivery and nanocarriers in control release of therapeutic drugs.** Combination of sericin
with other polymers could enhance its biomedical and pharmaceutical applications, which include regeneration of skin
tissue, antibacterial sheets, wound dressing materials, and drug delivery.*> A number of studies have reported the use of
sericin as a reducing and stabilizing agent in the biosynthesis of different types of nanomaterials.***® A report suggests
that the shifting of color of the reaction medium and the UV spectral data of the sericin-based nanoparticle proved that
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sericin possess a redox potential and is able to reduce the metal ions to synthesize the nanomaterials.*® Sericin protein
contains aspartic acid, and the peptide bond in the aspartic acid is broken when proteins are hydrolyzed by heat during
the hydrothermal extraction of sericin, hence it is possible that the aspartic acid in sericin is exposed to the outer part of
the protein structure and might act as the reducing agent in the biosynthesis of nanomaterials.**>® All these studies not
only help in making a proper utilization of sericin biowaste material but also it enhances its commercial value,
contributing to a more sustainable application of industrial waste materials. Considering all the potential uses of sericin
protein biowaste material, currently, an attempt was made to develop SNPs using sericin as the reducing and stabilizing
agent and evaluate its anti-inflammatory, wound healing, antioxidant, antidiabetic, and antibacterial effects in order to
explore its major applications in the biomedical, cosmetics and pharmaceutical fields for developing skin care products,
antibacterial sheets, wound healing patches and tissue scaffolds etc.

Materials and Methods

Sericin Removal and Synthesis of SNPs

Sericin was removed and purified from silk cocoons (commercially obtained from a local sericulture farm in Gyeonggi-
do province, Republic of Korea) using a standard procedure described in our previous publication.”’ The silk cocoon was
cleaned properly and dried under room temperature. For extraction of sericin, around 100 gm of finely cut cocoon were
boiled with 400 mL of 0.2% of sodium carbonate solution at 121°C for 20 min followed by cooling at room temperature
and filtration using Whatman No. 1 filter paper and dialysis for 5 days. After dialysis, the purified sericin was freeze-
dried to powder form and stored in airtight vials. Prior to the synthesis, different dilutions (100%—0.78%) of sericin were
prepared with warm distilled water and optimized for the manufacture of SNPs. It was found out that 1.5% of sericin
solution was ideal for the synthesis of sericin mediated SNPs (Scn-AgNPs); hence, it was used for further large-scale
preparation of SNPs. For Scn-AgNP biosynthesis, a previously established procedure was used, with slight
modifications.'*>? Briefly, 180 mL of 1mM AgNOj; salt solution was added to 20 mL of 1.5% sericin solution in
a half litre Erlenmeyer flasks and continuously stirred for 24 h at room temperature. The biosynthesis procedure was
confirmed by visual changes in the color of the sample solution. After 24 h, the sample was centrifuged (ultracentrifuge,
Optima XE-100, Beckman Coulter, USA; 10, 000 rpm for 0.5 h) and washed repeatedly to remove any traces of
unattached sericin. Next, the Scn-AgNP pellets were dried in an oven and refrigerated for later use.

Characterization of Bio-Based Sericin Fabricated Scn-AgNPs

Different analytical methods [(UV-VIS spectroscopy, transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDS), atomic force microscopy (AFM), X-ray diffraction (XRD), thermal gravimetric analysis (TGA),
zeta potential, particle size, and Fourier-transform infrared spectroscopy (FTIR)] were used to characterize the sericin-
fabricated Scn-AgNPs following the standard established protocol of available articles.’>>> UV-Vis spectra in the range
300-750 nm were measured using a spectrophotometer (Multiskan Go, Thermo Scientific, USA). The size and exterior
morphology were investigated using TEM (Tecnai G2 F20/FEI), and the elemental composition was studied using an
EDS machine attached to the TEM. Before starting the TEM study, the Scn-AgNPs were diluted, poured onto copper
grids, and visualized using TEM. The external nature of the Scn-AgNPs was evaluated using an AFM machine (Bruker
Nano Surfaces, USA). Before the AFM measurements, the Scn-AgNP samples were prepared on Si wafer slides. The size
distribution and zeta potential of Scn-AgNPs was estimated through DLS (Dynamic Light Scattering) and zeta potential
instrument (Malvern Zeta-sizer Nano-ZS, UK) at temperature 25°C. XRD measurements were performed using an XRD
machine at a 20 angle, Cu-Ka radiation at 40 mA, and 30 kV (X’pert MRD; Panalytical Almelo, The Netherlands), and
the crystal structure of the Scn-AgNPs was obtained. FT-IR spectral analysis was performed in the 400-4000 cm ' range
of transmittance mode (Nicolet iS5 FTIR Spectrometer, Thermo Fisher Scientific, USA). Approximately 2 pL of Scn-
AgNP solution was dispensed onto the test sample collection socket, and built-in computer software was used for the
analysis. In the Scn-AgNP sample, various types of functional groups were detected when the vibration modes were
altered. The thermal stability of bio-based Scn-AgNPs was evaluated using TGA instrument from 25°C to 900°C at
10°C/min ramping time (pyris TGA/N-1000, SNACK, USA).
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Biological Prospective of the Bio-Based Scn-AgNPs

The biomedical potential of the bio-based Scn-AgNPs was investigated using a number of standard established assays,
such as anti-inflammatory, wound healing, antioxidant, antidiabetic, and tyrosinase inhibition effects, as well as
antibacterial activity and antibacterial mode of action.

Anti-Inflammatory Effect of Scn-AgNPs

For cell viability and enzyme-linked immunosorbent tests of Scn-AgNPs, a previously described procedure was
followed, the details of which are provided.’>® The RAW264.7 cells from the cell line bank (in Seoul, Korea) were
used in the study. The transmission density of the reaction mixture was determined at 570 nm for the cell viability assay
and at 450 nm for the ELISA assay (using ELISA kits, Koma Biotech Inc., Republic of Korea).

Wound Healing

HaCaT cells (immortalized cell line) provided by the Korea Institute of Oriental Medicine (Daegu, Korea), were used for
the wound healing assay, and both cell viability and scratch wound assays were performed as per the regular processes
discussed in detail in our previous study.’' Centella asiatica extract (100 pg/mL; United States Pharmacopeia Reference
Standard, Sigma Aldrich) was used as the positive control and Scn-AgNP samples at various concentrations (5, 10, and
25 ug/mL) were used as treatment samples. Finally, the scratch gap width images were taken using an automated imaging
system (Lionheart FX) at consistent time breaks, and the measurements were performed using Gen5 Imager software
(Biotek Instruments Inc., USA).

The wound closing rate was assessed as mentioned below:

(ORSGW — OPSGW)
ORSGW

Wound closing(%) = x 100

where ORSGW is the width of the original scratch gap and OPSGW is the width of the open scratch gap on one
complete day.

The Scn-AgNPs Antioxidant Assay

The antioxidant potential of Scn-AgNPs was evaluated using four types of antioxidant tests: DPPH (1,1-Diphenyl-
2-picrylhydrazyl) free-radical scavenging, ABTS (2,2-Azinobis-3-ethylbenzothiazoline-6-sulfonic acid) free-radical
scavenging, superoxide dismutase (SOD) inhibition, and reducing power tests by the regular technique as defined
earlier.”>” Furthermore, the effective concentrations displaying 50% effect has also been calculated and recorded as the
ECsg or the ECy s values. For the DPPH assay, different concentrations of Scn-AgNPs (25, 50, and 100 pg/mL) and
ascorbic acid (ASA) as the positive controls. The transmission density of the reaction solution was obtained using a UV-
VIS multiwell plate reader at 517 nm (Multiskan Go; Thermo Scientific, USA) and the outcomes were estimated using
the following equation:

ContrOIrcadings - TeStrcadings

Percentage scavenging = x100........ equation(A)

Controlreadings

Here, Controlicadings is the transmission density of the control and Testycadings is the transmission density of the treatment
(Scn-AgNPs/positive control).

For the ABTS scavenging effect of Scn-AgNPs, 30 puL of Scn-AgNPs and the standard ASA were added to the phial
containing ABTS solution (270 pL) and set aside in the dark (120 min). Their transmission density was measured at 734
nm, and the ABTS free radical scavenging percentage was calculated using equation A. The SOD inhibition effect of
Scn-AgNPs was estimated using the Oxiselect superoxide dismutase assay kit and procedure (MyBioScource.com).’
The percentage of SOD inhibition was determined as 490 nm using Equation (A). Butylated hydroxytoluene (BHT) was
used as positive control. The reducing power of Scn-AgNPs was evaluated as previously described. Finally, the
transmission density of the reaction mixture was obtained at a wavelength of 700 nm, and the outcome was displayed

as the transmission density value.
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The Scn-AgNPs Antidiabetic Prospective

The antidiabetic potential of Scn-AgNPs was estimated using a-amylase and a-glucosidase inhibition assays following
well-established protocols with minimal modifications.’® For the a-amylase assay, Scn-AgNP/acarbose (25-100 pg/mL),
phosphate buffer (pH 6.9) (20mM), and a-amylase (4 U/mL) were mixed together (200 puL) and incubated for 5 min.
Initiation of the reaction process was initiated by the addition of 0.5% potato starch (200 uL) and further incubation for
3 min. Next, 3,5-dinitro salicylic acid reagent (200 puL) was mixed and boiled at 85-90°C in water bath for 10 min to
develop color. Then after cooling, the transmission density values were obtained at 540 nm (by UV-VIS multiwell plate
reader; Multiskan GO; Thermo Scientific, USA), and the percentage activity was computed using Equation A. For a-
glucosidase assay, in short, Scn-AgNPs/acarbose (25-100 pg/mL), potassium phosphate buffer (pH 6.8) (67 mM), a-
glucosidase (4 U/mL) were mixed together (1000 pL) and incubated for 10 min at 37°C. The assay was initiated by the
addition of 3 mM p-nitrophenyl-a-d-glucopyranoside (100 pL) and incubating for 20 min at 37°C. The process was
terminated by adding a 0.1 M sodium carbonate solution (2000 pL), and then collecting the transmission density values at
405 nm (by UV-VIS multiwell plate reader; Multiskan Go; Thermo Scientific, USA). a-Glucosidase activity was
measured using Equation A.

The Scn-AgNPs Tyrosinase Inhibition Assay

The effect of Scn-AgNPs on tyrosinase inhibition was evaluated using a standard method.”® Briefly, Scn-AgNPs/Kojic
acid (25-100 pg/mL), phosphate buffer (pH 6.5) (0.1 mM), mushroom tyrosinase (50 U/mL), and L-DOPA (0.1 mM)
were mixed together to make a 300 pL solution and kept at normal temperature for % h. The transmission density was
measured at 475 nm (by UV-VIS multiwell plate reader; Multiskan Go; Thermo Scientific, USA) and tyrosinase
resistance was estimated using Equation A.

The Scn-AgNPs Antibacterial Action and Mechanism Studies

Three foodborne pathogenic bacteria (pathogenic) like Escherichia coli O157:H7 (ATCC 23514), Enterococcus faecium
(DBO1), and Listeria monocytogenes were selected for antibacterial evaluation and determination of the antibacterial
mechanism of action. The foodborne pathogenic bacteria were obtained from the microbiology laboratory of our
department. All bacterial cultures were maintained in slant culture and subcultured in nutrient broth medium prior to use.

The Scn-AgNPs Antibacterial Screening

A standard disc diffusion assay was referred.” Ciprofloxacin (10 pg/paperdisc) was used as the positive control and Scn-
AgNPs (100 pg/paper disc) were used as the test samples. Prior to the test, nutrient agar plates were evenly seeded with the
test pathogens (10 pL), followed by placing the paper disc at strategic points, and for overnight at 37°C in a bacteriological
incubator (SL-64, 150, HYSC limited, Republic of Korea). The final result was recorded as the diameter of the zone of
inhibition (dZOI) formed over the tested discs (mm). Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) were evaluated using standard procedures.’® The minimum concentration of test sample, which
showed no visible growth of the pathogen was selected as the MIC and the lowest concentration of test sample, where no
growth of the pathogen was seen in the nutrient agar plate was selected as the MBC. To study the mechanism of antibacterial
action, three assays, including bacterial cell viability, loss of salt tolerance, and the effect on 260 nm absorbing materials
were performed using two pathogenic bacteria, E. coli and E. faecium.

The bacterial cell viability assay was performed by time-kill test using the normal technique defined earlier.>® For this
assay, the two pathogenic bacterial cultures were used as the control group and the bacterial cultures treated with Scn-
AgNPs at MIC were used as the treatment. Briefly, 10 mL of pathogenic culture comprising 10’ CFU/mL was used for
both the control and the test vials and incubated at 37°C. The culture was collected at regular time intervals, serially
diluted, applied to agar plates, and incubated for 1 d. The bacterial colonies grown on the control and treated plates were
counted and recorded as log CFU/mL.

The tolerance efficacy of the two tested bacteria treated with Scn-AgNPs at MIC to the concentration of salt was
scrutinized using an established standard technique.’® Full-grown bacterial cultures with Scn-AgNPs treatment at MIC and
same number of cultures without any treatment were used as controls and incubated at 37°C for 60 min. Further, the samples
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were serially diluted and sown on nutrient agar (NA) test plates with (0%, 2.5%, 5.0%, and 10.0%) of salt. Subsequently, the
number of bacterial colonies grown on the control and treated plates were counted and recorded as log CFU/mL.

The effect of the Scn-AgNPs on the bacterial cell membrane was investigated using a 260 nm absorbing material assay.>
The Scn-AgNPs (MIC concentration) were added to the bacterial culture (2000 pL) in peptone water (100 mg/100 mL) and
incubated at 37°C. The bacterial test samples were collected at regular time intervals and centrifuged (at 1.5 K rpm, 10 min),
and the transmission density value of the supernatant was determined for the presence of DNA and RNA (cellular materials)
released into the extracellular matrix at 260 nm. For this experiment, peptone water (merely) with Scn-AgNPs at MIC was
used as the control (negative) and peptone water with pathogenic bacteria cultures was used as the positive control.

Statistical Analysis of Scn-AgNPs

All experiments were performed three times, and the resulting data are denoted as the average values of three
autonomous results with standard deviations. Further, ANOVA and Duncan’s multiple range tests, at 5% level of
significance. P < 0.05 was also performed with SPSS version 27.0 (IBM Corp., Armonk, NY, USA).

Results and Discussion

In this study, sericin protein was removed from Bombyx mori L. silk cocoons by degumming and purified through
dialysis. Purified sericin was used as the reducing agent for the biosynthesis of Scn-AgNPs (Figure 1A). For the bio-
fabrication of Scn-AgNPs, various dilutions of sericin (100%—-0.78%) tested initially for reducing agent. Finally, 1.56%
sericin concentration was used for AgNP synthesis. Report suggested that there is no major role of temperature variation
in the synthesis process of sericin-based nanoparticles, however nanoparticles performed well at higher pH,>* hence in
the current study, an alkaline pH condition was used for extraction of sericin, and subsequently this sericin material was
used for synthesis of Scn-AgNPs. In the biosynthesis process, the mixture containing the Scn-extract and AgNOj5 solution
was initially colorless, and after 12 h, the color gradually turned light brown and brown after 24 h (Figure 1A). The
sample was kept for two month for checking its stability and it was found that there was no change in its physical nature
after two months, which proves that the sample is physically stable Bombyx mori silk sericin comprises 18 amino acids,
primarily serine, tyrosine, glycine, glutamic acid, valine, and threonine residues, among which tyrosine displays robust
electron-donating properties and can aid in reducing the Ag" ions to form Ag® atoms, which then aggregate to form silver
nanoparticles.'*?* Previously studied report suggested that sericin possess a redox potential and is able to reduce the
metal ions to synthesize the nanomaterials.*® Another study suggested that, sericin protein contains aspartic acid, and the
peptide bond in the aspartic acid is broken when proteins are hydrolyzed by heat during the hydrothermal extraction of
sericin, hence it is possible that the aspartic acid in sericin is exposed to the outer part of the protein structure and might
act as the reducing agent in the biosynthesis of nanomaterials.**->

Following visual confirmation, UV-visible absorption spectra were also recorded, which displayed a solid absorption
band in the noticeable region at 422 nm owing to surface plasmon resonance, confirming the synthesis of Scn-AgNPs
(Figure 1A). Similarly, results on SNPs are also established from earlier stated reports.'**"** The Scn-AgNPs demon-
strated a single absorption peak at 422 nm, which reinforced the spherical shape of the synthesized nanoparticles along
with their chemical stability, in agreement with the TEM results discussed subsequently (Figure 1B).

Further characterization of the synthesized Scn-AgNPs was done by a number of standard procedures. TEM is
considered an excellent tool for gathering data on the morphology and size of the produced NPs.®> The TEM images
of Scn-AgNPs (Figure 1B and C) show the morphological features of the Scn-AgNPs. The mean diameter of the
oval-spherical shaped Scn-AgNPs was found to be 8.33 nm. The TEM micrographs indicated that the round-shaped
Scn-AgNPs had planar edges. In addition, to check the crystalline characteristics of the produced Scn-AgNPs, TEM
analysis was performed after 4 months of complete synthesis of Scn-AgNPs; however, the NPs did not agglomerate,
which established the stability of the Scn-AgNPs. Selected-area electron diffraction (SAED) patterns were recorded
(Figure 1C). The SAED pattern with bright circular spots indicated that the Scn-AgNPs were crystalline in nature.
The elemental arrangement of the synthesized Scn-AgNPs was determined by EDS analysis, which revealed
a maximum percentage of silver with minor signal peaks, such as Mg, Fe, O, and Si, in the nanoparticle mixture
(Figure 1D). AFM analysis was performed to detect the morphology of Scn-AgNPs in 2D and 3D (Figure 1E and
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Figure | Characterization of Scn-AgNPs. (A) UV-VIS spectroscopy with color change at time intervals; (B) Transmission electron microscopy image (inset: magnified view);
(C) Selected area electron diffraction pattern (SAED) images (D): Energy-dispersive X-ray spectroscopy image; (E) 2D Atomic force microscopy image; (F) 3D Atomic force
microscopy image.

F). The results showed clear and distinct spherical nanoparticles in the range—1-10 nm. The 3-D image of Scn-
AgNPs shows sphere-shaped crystalline and grain nanoparticles. This result is consistent with those of previously
published studies.®*%

The crystalline nature of the Scn-AgNPs was examined using XRD (Figure 2A). The graph displayed several peaks
observed at 20 = 38.14°, 46.31°, 64.67 °, and 78.48°, which are assigned to the (111), (200), (220), and (311) Bragg
planes, respectively (Figure 2A). These planes endorse the Scn-AgNPs, signifying a face-centered cubic (FCC) crystal
structure matched to pure silver (JCPDS file No.00004—0783)."*?* The most noteworthy peak at 38.14° indicates that the
(111) plane is the foremost constituent of the silver planes. This outcome also confirms the observation of the TEM
images in Figure 1B and C, which suggests that the synthesized Scn-AgNPs are crystalline in nature.°® The mean
crystalline size of the synthesized Scn-AgNPs was obtained as 32.07 nm from the XRD pattern using Scherrer’s equation
and a degree of crystallinity was measured as 67.94% using the OriginPro 2024, version 10.1.°” These results are similar
to earlier reported research outcomes.®®%’

The effect of high temperature on the Scn-AgNPs was investigated by TGA, and the results are presented in
Figure 2B. The results showed that the degradation of Scn-AgNPs due to high temperature was attained in three phases
with an overall weight loss of 81.93% (Figure 2B). In the first phase, a weight loss of 16.26% was attained at 285°C,
which was attributed to the attached H,O and other minor molecules to the surface of nanoparticles. In the 2" phase,

a weight loss of 38.50% was obtained between 285°C and 775°C, which was due to the loss of biological materials. As
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Figure 2 Characterization of Scn-AgNPs. (A) X-ray diffraction spectroscopy of Scn-AgNPs; (B) Thermogravimetric analysis image; (C) Particle size distribution of Scn-
AgNPs and; (D) Zeta potential of Scn-AgNPs, (E) Fourier-transform infrared spectroscopy Scn extract and Scn-AgNPs.

the heat further increased, a 3™ phase was attained between 775°C and 900°C, amounting to nearly 27.17% of weight
loss (Figure 2B), which could be due to the loss of the remaining compounds existing in the tested sample. The highest
weight loss in the 2nd phase could be attributed to the amplified number of intermolecular interactions for each Scn-
AgNP molecule with an increase in Scn concentration.”®”"

A particle size analyzer and Zetasizer DLS instrument were used to obtain the hydrodynamic size, surface charge, and
zeta potential of the Scn-AgNPs under ideal synthesis and operating conditions. The mean particle size was found out as
82.77 nm (polydispersity index (PDI) = 0.387) (Figure 2C). The size of the Scn-AgNPs calculated from the particle size
analyzer was larger than that calculated from TEM (Figure 1B and C), which could be due to the impact of Brownian
motion.'* The zeta potential of the Scn-AgNPs was found to be —30.8 mV, indicating the strong stability of the

nanoparticles (Figure 2D). Negative zeta potential measurements indicated the exterior charge of the Scn-AgNPs. The
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greater zeta potential indicates the enormous electrical charge on the Scn-AgNP surface, resulting in a robust repulsive
force between the NPs and is responsible for the greater stability and superior colloidal quality of the synthesized
nanoparticles.”>’* Similar results have been reported similar results.”> "’

FT-IR analysis was performed to detect the main functional groups present in the Scn extract and Scn-AgNPs and to
illustrate the nature and properties of the synthesized nanoparticles. As shown in Figure 2E, the FTIR spectra of Scn-
AgNPs and Scn from 4000 to 500 cm ™' showed prominent bands. Approximately 14 bands were identified in the Scn
extract, whereas, only six bands were identified in the Scn-AgNP spectra. The FTIR spectrum of Scn extract displayed
3385.12 em ™', 2971.15 em™ ', 2912.92 em™ ', 1661.13 cm ™', 1510.00 cm ™', 1435.86 cm ™', 1312.32 cm ™', 1229.04 cm ™',
1024.24 cm ™', 953.20 cm ™', 880.69 cm ™', 702.08 cm™ ', 669.10 cm ', and 594.72 cm™ ' distinctive peaks (Figure 2E).
While in Scn-AgNPs, the FTIR spectrums displayed 3346.57 c¢m ', 2109.06 cm !, 1643.81 cm ', 664.38 cm ',
559.55 cm™ ' and 556.25 cm™! peaks (Figure 2E). In the FT-IR spectra of Scn-AgNPs, the major peaks of pure sericin
were preserved, indicating the active topping of sericin on Scn-AgNPs. A deviation in the peak values was observed
between Scn and Scn-AgNPs, which might be attributed to the altered stretching modes between the peaks (Figure 2E).
In the case of the Scn-AgNPs, the peak at 3346.51 cm ™' could be attributed to the N-H stretch of the 1° and 2° ®amines or
the O-H stretching of alcohols and phenol functional groups. At 1643.81 cm™', indicating the existence of a—C=C—
stretch bond (medium) of the alkene or the N-H bend of 1° °amines. At 559.55 cm ' and 556.25 cm ', the peaks
indicates the presence of alkyl halides. The absence of FT-IR bands between 3300 and 2400 cm ' indicates the
precipitation of protein, and these FT-IR results suggest that protein nanoparticle interactions might have occurred due
to the free amine groups and electrostatic interaction of carboxyl groups, as proposed in an earlier study.”® In case of the
Scn extract, the detected peak at 1661.13 cm ', 1510.00 cm ', 1229.04 cm ', belongs to the characteristic absorption
bands in sericin protein like amide I (16001700 cm "), II (1504—1582 cm '), and IIT (1200-1300 cm™ "), respectively.”
The peak at 1229.04 cm™' might be attributed to the phenolic hydroxyl group of the tyrosine residues of sericin, and the
disappearance of this peak in the case of the Scn-AgNPs is probably due to the oxidation of the phenolic hydroxyl group
! in the FTIR spectrum of the Scn

extract (Figure 2E), which was supposed to support the anisotropic growth of the NPs to nanoplates.®® These results
79,81,82

by the silver ion.>* Furthermore, a carboxyl group peak was recognized at 1435.86 cm

confirmed the synthesis of Scn-AgNPs, which is in good agreement with former studies.

The biological potential of Scn-AgNPs was explored using anti-inflammatory, wound healing, antioxidant, antidia-
betic, tyrosinase inhibition, antibacterial, and mechanistic studies.

In case of the anti-inflammatory effects, it was initially observed that although the cell viability declined at the
concentrations of 10 and 25 pg/mL, but, it was around 80% at 10 pg/mL, and hence the Scn-AgNP toxicity was not very
high (Figure 3A). Usually, pro-inflammatory cytokines such as IL-6, IL-1p, and TNF-o play a major role.*> The Scn-
AgNPs repressed the building of pro-inflammatory cytokine (IL-6) augmented by lipopolysaccharide (LPS) treatment, so
it was judged to have a positive anti-inflammatory effect (Figure 3B—D). Previous studies have demonstrated the anti-

. . .. . 4
inflammatory potential of sericin protein,®*

which was also demonstrated in the current study.

The Scn-AgNPs wound-healing effect of Scn-AgNPs was evaluated using a scratch wound test. The wound healing
effects are shown in Figure 4. Similar to the previous experiment, in this case also, Scn-AgNPs were referred to cell
viability test (toxicity test), and the results indicated that, in all the three tested concentrations, the cell variability was
more than 80% (Figure 4A), indicating negligible toxicity of Scn-AgNPs at these concentrations. The wound closure rate
was determined after 2 day and 1 day of incubation, and the corresponding wound was visualized using a scratch wound
assay (Figure 4B and C). After 24 h of exposure, the rates of wound closure was found out as 64.17%, 67.17%, and
67.72% at three different concentrations of Scn-AgNPs (5 ug/mL, 10 pg/mL, and 25 pg/mL) correspondingly, compared
to the control sample (55.01%) and Centella asiatica (positive control) showing 71.02%) (Figure 4B and C). Scn-AgNPs
displayed positive wound-healing effects; however, their percentage pattern was not the same as anticipated. Wound
healing is a multifarious phenomenon that occurs because of damage to organ arrangements or skin tissues. Cell injury
involves the reformation of injured tissues and the specific control of angiogenesis, re-epithelialization, and connective
tissue repair.**®” SNPs enhance tissue repair, angiogenesis, wound closure, re-epithelialization, and collagen deposition
in mice.®® Keratinocytes play a vital role in the wound healing process, mainly during the proliferation period, and
consist of reepithelialization and tissue granulation.®*® Keratinocytes are the regular epidermal cells of the skin.®* The
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Figure 3 Anti-inflammatory potential of Scn-AgNPs. (A) Cell viability assay; (B—D): MTT assay. #P < 0.05 vs Control, *P < 0.05 vs LPS.
Abbreviations: LPS, lipopolysaccharide; DEX, dexamethasone.
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Figure 4 Wound healing effect of Scn-AgNPs. (A): Viability of cell count; (B): Wound closure rate of Scn-AgNPs; (C) Scratch wound test pictures after incubation (at 0, 12,
and 24 h). * P< 0.05 vs Control. Scale: 250 ym.
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binary mechanisms contributing to wound healing include increased keratinocyte proliferation and migration. In the
current case, the efficiency of Scn-AgNPs in wound healing was probably due to their increased movement, as evidenced
by the cell viability assessment. Another study showed that the sericin amino acid present in sericin, contributes to early
adhesion of the cells and promotes the fibroblast wound healing, thus the wound healing potential of the sericin-based
silver nanoparticle (Scn-AgNPs), can be attributed to this concept effect.”!

Furthermore, the antioxidant potential of Scn-AgNPs was evaluated using DPPH, SOD, ABTS, and reducing power
analyses (Figure 5). Bio-fabricated Scn-AgNPs displayed 75.48% of DPPH scavenging potential at 100 ug/mL, as
matched to 78.13% scavenging by ASA at the same concentration (Figure 5A). Similarly, the Scn-AgNPs showed an
increase ABTS scavenging potential at 25, 50, 100 pug/mL concentrations, with a maximum of 95.04% scavenging,
matched to 92.51% by ASA at 100 pg/mL (Figure 5B). In case of SOD assay, the Scn-AgNPs showed a higher inhibition
percentage of 73.92% than the used standard positive control BHT, which displayed 61.28% at 100 pg/mL (Figure 5C).
Additionally, Scn-AgNPs exhibited an escalating reducing power with a maximum activity of 0.1202, matched to 0.8434
by the standard ASA at 100 pg/mL (Figure 5D).

Additionally, the ECsy/ ECq s values of Scn-AgNPs and reference positive controls were calculated (Table 1). The
ECso values of Scn-AgNPs for all the antioxidant parameters are DPPH (54.28 pg/mL), ABTS (34.53 pg/mL), SOD
(41.91 pg/mL) (Table 1). For the reducing power, the EC 5 value is 322.70 pg/mL (Table 1). Correspondingly, the ECsq
and the ECy s values for reference positive controls were calculated as 37.52 pg/mL (ASA), 31.60 pg/mL (ASA),
48.73 pg/mL (BHT) and 50.93 pg/mL (ASA) for DPPH, ABTS, SOD and reducing power tests correspondingly
(Table 1). In conclusion, Sen-AgNPs exhibited significant antioxidant effects in all four assays. A few reports have
suggested that the antioxidant potential of sericin could be attributed to the presence of higher amounts of amino acids
with hydroxyl groups, such as serine, which act as metal chelators.”>> Several studies on the antioxidant potential of
sericin have reported earlier.****** Another property of sericin is its promotion of cell proliferation. Sericin protein
contains carboxyl, amino and hydroxyl groups in more amount, which are able to scavenge the free radicals and decrease
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Figure 5 Antioxidant potential of Scn-AgNPs. (A) DPPH scavenging study; (B) ABTS scavenging study; (C) SOD inhibition assay; (D) Reducing power study. Difference in
the superscript letters are statistically significant at P< 0.05.
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Table | ECsp and ECg 5 of Different Parameters of Scn-AgNPs
and the Reference Positive Controls

Parameters Scn-AgNPs | Reference Positive
(in pg/imL) | Controls (in pg/mL)

DPPH scavenging 54.28 37.52 (ASA)

ABTS scavenging 3453 31.60 (ASA)

SOD inhibition 41.91 48.73 (BHT)

Reducing power (ECos) | 322.70 50.93 (ASA)

a-amylase inhibition 38.51 51.37 (Acarbose)

a-glucosidase inhibition 15.19 416.67 (Acarbose)

Tyrosinase inhibition 135.94 95.73 (Kojic acid)

the effect of oxidative stress in the cell, thus protecting the cell membrane rendering antioxidant effects.””®’ Besides,
a report suggested that application of sericin protein was able to inhibit the epidermal oxidative stress, thereby displaying
photopreventive effects against UVB-induced acute damage and tumor promotion in the skin of hairless mouse.?
Considering this, it can be concluded that the enhanced antioxidant potential of Scn-AgNPs can be ascribed to the
effect of the sericin protein, which acts as a reducing, stabilizing, and capping agent in the formulation of Scn-AgNPs.
Bioactive compounds present in the sericin extract, along with the silver ions in the Scn-AgNPs, might have served as
antioxidants by the transfer of a single electron and hydrogen atom.”®'°!

The antidiabetic potential of Scn-AgNPs was assessed by a-amylase and a-glucosidase inhibition experiments, and
the results are shown in Figure 6. Figure 6A shows a clear trend of increased a-amylase inhibition with increasing a-
amylase concentration. Maximum inhibition activity of 95.32% by Scn-AgNPs was observed at 100 pg/mL, which was
related to the 61.81% exhibited by the acarbose (positive control) (Figure 6A). Furthermore, in case of the a-glucosidase
inhibition experiment high inhibition activity of 94.42% was exhibited by the Scn-AgNPs at 100 pg/mL was related to
only 1.05% exhibited by the acarbose (positive control) (Figure 6B). The ECs, values for Scn-AgNPs was calculated as
38.51 pg/mL and 15.19 pg/mL for both a-amylase and a-glucosidase inhibition assays as related to 51.37 pg/mL and
416.67 ng/mL for acarbose for the same assays (Table 1). These data clearly demonstrate that a small amount of Scn-
AgNPs is highly effective against both enzymes, whereas a much higher concentration of acarbose is required to obtain
the same inhibitory effect. It has been reported that both a-amylase and a-glucosidase are key to hyperglycemia, and their
minimization in the body will help in the fight against diabetes.'®? Usually, o-amylase is responsible for transmuting
composite starch molecules into their lower form of glucose; thus, if enzyme activity is restricted, it will help in
controlling the body’s carbohydrate metabolism, consequently decreasing the absorbed glucose quantity.'®>'** Another
important tactic for the interruption of a vociferous upsurge in the blood sugar level in the body is to avert the starch-
blocking enzyme (a-glucosidase) effect.'®® Hence, the effective inhibition of both enzymes by Scn-AgNPs could aid in
the application of modern antidiabetic drugs or drug carriers. Earlier studies have shown that when sericin protein was
administered orally to type 2 diabetic mice, it considerably reduced the blood glucose level (under fasting), plasma
insulin (under fasting), and glycosylated serum protein levels, followed by enhanced oral glucose and insulin tolerance,

105

and improved antioxidative activities, ~ which proves the antidiabetic potential of sericin. Similarly, in another study,

oral sericin administration in streptozocin-induced type 2 diabetes rats clearly confirmed the hypoglycemic effects
primarily associated with decreased oxidative stress in the damaged liver and pancreas of type 2 diabetes rats.'®®
Hence, the effective antidiabetic potential of Scn-AgNPs observed in the current study (Figure 6) could be attributed
to the sericin-mediated synthesis of Scn-AgNPs.

Tyrosinase inhibition revealed a moderate positive activity of Scn-AgNPs against tyrosinase (Figure 6C). Maximum
activity of 27.07% was exhibited by the Scn-AgNPs, matched to 52.23% by kojic acid (positive control) (Figure 6C). The

ECsq values for Sen-AgNPs and Kojic acid are computed as 135.94 pg/mL and 95.73 pg/mL correspondingly (Table 1).
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Figure 6 Antidiabetic and tyrosinase inhibition potential of Scn-AgNPs. (A) a-amylase inhibition study; (B) a-glucosidase inhibition study; (C) tyrosinase inhibition study.
Difference in the superscript letters are statistically significant at P< 0.05.
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However, the effect of Scn-AgNPs was less than that of kojic acid, but showed a positive trend that increased with
increasing sample concentration (Figure 6C). Few reports have demonstrated the antityrosinase effect of sericin

. 107-109
protein,

and this could be attributed to the positive antityrosinase effect displayed by Scn-AgNPs synthesized
using sericin protein. Melanin is a skin pigment formed by melanocyte cells in the stratum basale.''® They are produced
to protect the skin from the harmful effects of ultraviolet rays; however, excessive production and accumulation of
melanin in the skin often give rise to innumerable skin diseases, such as age spots, hyperpigmentation, solar lentigo,
leukoplakia, freckles, melasma, post-inflammatory melanoderma, and moles.'%*''""!'? Additionally, the imbalance
caused by the ultra violet radiation overthrows intracellular antioxidants and stimulates melanogenesis by upregulating
tyrosinase expression and tyrosinase-related proteins 1 and 2.'%!''® In melanin synthesis, the L-tyrosinase enzyme plays
a major role in catalyzing the hydroxylation of L-tyrosine to 3,4-dihydroxyphenylalanine and further oxidizes L-DOPA to
o-dopaquinone (melanin precursor).''* Hence, maintaining the adverse effects of the reactive oxygen species at the basal
level or preventing tyrosinase action by antityrosinase mixtures could prevent melanin biosynthesis. However, most of
the antityrosinase molecules available in the market, such as kojic acid, arbutin, hydroquinone, and corticosteroids, are
associated with side effects such as skin irritation, cellular cytotoxicity, contact dermatitis, and reduced enzyme
inhibition."'>!'® Thus, there is a need to find a series of natural compounds with enhanced antioxidant and antityrosinase
properties that could be used in place of these synthetic compounds. Scn-AgNPs with high antioxidant and antityrosinase
inhibition properties could be highly effective and can be further explored for their application in the skin care industry
after detailed testing and approval.

Table 2 and Figure 7 show the antibacterial effects of Scn-AgNPs on the three different pathogenic bacteria. The Scn-
AgNPs were highly effective against all the three texted pathogen (13.80 mm-16.90 mm dZOIdZOI at 100 pg/disc)
(Table 2, Figure 7A). Among the three texted pathogens, the Scn-AgNPs were more effective against L. monocytogenes
(16.90 mm of inhibition zone). The standard antibiotic, ciprofloxacin (as reference positive control), displayed more
effective outcome with the dZOI between 29.8 and 37.10 mm at 10 pg/disc (Table 2, Figure 7B). The MIC and MBC
values for Sen-AgNPs on all three tested pathogens ranged from to 25-100 pg/mL and for ciprofloxacin, they ranged
from 5.0 to 10.0 pg/mL (Table 2).

The differences in the dZOIs among the tested pathogens could be due to the nature of the mode of action of the
nanoparticles and the associated morphological changes in each pathogenic bacterium. Therefore, to study the mode of
action of Scn-AgNPs against these pathogens, cell viability, surface morphology, and their effect on salt tolerance of
E. coli and E. faecium were examined (Figure 8). In case of the cell viability test, it is observed that at the MIC
concentration of Scn-AgNPs, there was no distinct decline in the viable cell count of E. coli until 6 h of incubation, but
there was a slight decline in the cell count of E. faecium at 6 h of incubation (Figure 8A and B). However, there was
a marked decline in the number of cells after 6 h, and the growth completely ceased after 10 h of incubation. In
comparison, untreated bacterial cells continued to grow in an increasing order for both pathogens (Figure 8A and B).
A possible hypothesis for these trends in the treated pathogens could be associated with the easy penetration of the Scn-
AgNPs into bacterial cells because of their smaller size and circular forms, which might result in injury to the cell wall,
leading to bacterial leakage and ultimately death of the bacterial cells.''”"''® Similar trends were also observed in the salt

Table 2 Antibacterial Activity of Scn-AgNPs and the Reference Positive Control Against the Pathogenic Bacterial and
Their MIC and MBC Values

Pathogens Scn-AgNPs (at 100 pg/mL) Ciprofloxacin (at 10 pg/mL)

Zone of Inhibition MIC MBC Zone of Inhibition MIC MBC

(in mm)* (in pg/mL) | (in pg/mL) | (in mm)* (in pg/mL) | (in pg/mL)
Escherichia coli O157:H7, | 14.09+0.40° 50 100 28.86+1.01° 5.0 10.0
Enterococcus faecium 13.8+0.36° 50 100 32.04+0.4° 25 5.0
Listeria monocytogenes 16.49£0.35¢ 25 50 36.09+1.1° 2.5 5.0

Notes: *All data are expressed as mean * standard deviation, and inhibition zones with different superscript letters (a,b,c, d, e) are statistically significant at
P<0.05.
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Figure 7 Antibacterial prospective of (A) synthesized Scn-AgNPs and (B) standard antibiotics-ciprofloxacin against the tested pathogenic bacteria.

tolerant assay, where after the treated and untreated bacteria were plated on NA plates supplemented with altered salt
percentages (0%, 2.5%, 5%, and 10%), the treated pathogens showed a some resistance upto 2.5% salt concentration and
continued growing (Figure 8C and D). However, there was complete decline in the bacterial growth at 5 and 10% of salt
concentrations in both E. coli and E. faecium as compared to their corresponding control plates, which showed a normal
growth at 5% salt concentrations also (Figure 8C and D). The reduction in the capacity of the treated pathogenic bacteria
to high salt concentrations indicated that Scn-AgNPs caused severe damage to the bacterial cell membrane and cell
surface by the action of Scn-AgNPs."'? While both E. coli and E. faecium, treated with the MIC of Scn-AgNPs, were
observed for any stress of release of cellular materials, such as nucleic acids, which can be detected at 260 nm in the
outer environment, a persistent increase in the quantity of cellular materials was observed at regular incubation times in
both the tested bacteria (Figure 8E and F). However, in the control samples without NP treatment, the values remained
constant throughout the incubation period (Figure 8E and F). This confirmed that the increase in the amount of
intercellular material in the reaction mixture is an indication of leakage in the bacterial cell membrane caused by Scn-
AgNP treatment. Finally, based on the results of all three investigations, the conceivable antibacterial mechanism of
action of Scn-AgNPs, which can be hypothesized, is that Scn-AgNPs might have attached to the surface of the bacterial
cells, causing damage to the outer surface that could have initiated the rupture of the bacterial cell, leading to the
discharge of intercellular materials to the outer environment, ultimately leading to cellular lysis and cell death.'?%'?! At
present, the rise of multidrug-resistant pathogenic microbes in the atmosphere is normal and has resulted in an unfriendly
influence on human wellbeing.'?> Considering this, there is an urgent requirement for the development of advanced
antibacterial materials that can effectively fight against recently developed multidrug-resistant pathogenic bacteria.'*
Additionally, by using nanoparticles as antibacterial treatment, the scope of gene mutation in the bacterial body is
minimized in the nanoparticle-enabled treatment process.'**'?> Additionally, SNPs have been reported to be able to
release silver ions constantly, which could affect the bacterial cell walls and might be considered as one of the
mechanisms for killing microbes.'®'?” These results indicate that Scn-AgNPs might serve as active antibacterial agents

in a number of applications in the biomedical, cosmetic, and food industries.
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Figure 8 Mechanism of antibacterial action of the synthesized Scn-AgNPs against E. coli and E. faecium. (A and B): Cell viability effect; (C and D): Salt concentration effect;
(E and F): 260 nm absorbing materials effect.

Conclusion

The bio-fabrication of Scn-AgNPs using sericin extract as a capping and stabilizing agent may be a substitute for eco-
friendly, cost-effective, and one-pot synthesis techniques for SNPs, which may replace the conventional chemical
synthesis approaches. The synthesized Scn-AgNPs were evenly distributed and exhibited a good crystallinity with
a mean particle size of 82.77 nm. The Scn-AgNPs demonstrated noteworthy anti-inflammatory properties, promising
wound healing, substantial antioxidant, antidiabetic, and tyrosinase inhibition potential, along with significant antibacter-
ial effects. In addition, the possible mode of antibacterial action of Scn-AgNPs was hypothesized to be due to their
spherical nature and smaller size, which may have attached to the surface of the bacterial cells, causing damage to the
outer surface that could have initiated the rupture of the bacterial cell, leading to the discharge of intercellular materials to
the outer environment, which ultimately leads to cellular lysis and cell death. Overall, Scn-AgNPs are advantageous
nanoscale-sized candidates for biomedical applications owing to their excellent aqueous stability, in vitro
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biocompatibility, and effective anti-inflammatory, antioxidant, antidiabetic, wound healing, and antibacterial properties.
More future research needs to be undertaken to formulate commercial products using these Scn-AgNPs for application in
cosmetics and food-sector industries.
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