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The rising demand for fresh and safe food is driving advancements in preservation technologies, with

nanoparticles offering a revolutionary solution. These particles extend shelf life, preserve nutritional

value, and enhance food safety, aligning with present consumer expectations. This study explores the

eco-friendly synthesis, characterization, and application of silk sericin-based silver nanoparticles (SS-

AgNPs) for antibacterial and food coating purposes. Silk sericin, a byproduct of the silk industry, is

typically discarded despite its valuable properties like biocompatibility, biodegradability, and antimicrobial

activity. In this research, sericin from Bombyx mori cocoons was used as a reducing and stabilizing agent

to synthesize SS-AgNPs. Characterization was performed using UV-vis spectroscopy, Fourier-transform

infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and dynamic

light scattering (DLS). Antibacterial tests confirmed the efficacy of SS-AgNPs against Pseudomonas sp.

and Staphylococcus sp., while food coating trials on tomatoes significantly reduced weight loss and

microbial contamination. Biocompatibility was further verified through hemolysis and MTT assays,

confirming SS-AgNPs' safety for biomedical and food-related uses. This study underscores the potential

to convert sericin waste into a valuable resource, promoting sustainability and increasing the commercial

value of sericulture.
1. Introduction

Silk sericin, a natural protein produced by the silkworm Bombyx
mori, is an essential component for the formation of silk la-
ment. This protein coats the broin lament, providing essen-
tial protection and adhesion during the silk-spinning process.
Traditionally, sericin has been viewed as a waste product in the
silk industry, despite its inherent benecial properties.1,2 It is
estimated that the yearly worldwide production of dry cocoons,
approximately 4 lakh MT, generates around 0.5 lakh MT of
sericin waste, which poses signicant disposal challenges.3 This
environmental issue has spurred growing interest among
researchers to explore the potential applications of sericin.
Recent studies have highlighted valuable properties of sericin,
including its biocompatibility, biodegradability, and diverse
biological activities including antibacterial, antioxidant, and
anti-inammatory properties.1,3–5 These attributes are trans-
forming sericin from a mere byproduct into a valuable resource
with a wide range of innovative applications.
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The antioxidant and antimicrobial properties of sericin
make it particularly benecial in health and cosmetic indus-
tries.1,3 Its biocompatibility and biodegradability further
enhance its potential for medical and pharmaceutical uses,
while its moisturizing properties and UV resistance make it
a preferred ingredient in skincare products6 Sericin also
demonstrates considerable thermostability, which is notably
inuenced by the method of extraction. Studies revealed that
sericin exhibits an endothermic degradation peak around 220 °
C when subjected to extraction under conditions of elevated
temperature and pressure, surpassing the 210 °C observed with
alternative extraction techniques.7 Besides, application of
sericin in food packaging can extend shelf life, and its
consumption may improve the bioavailability of essential
minerals like Zn and Fe.8,9 These qualities underscore the
growing research interest in leveraging potential of sericin
across various elds.

Of late, incorporation of sericin into nano-conjugates has
emerged as a promising area of research. Silk sericin-based
nano-conjugates (SS-conjugates) impact the unique properties
of sericin to enhance the efficacy and stability of nanomaterials.
Perusal of literature reveals various studies exploring the use of
sericin in developing drug delivery systems, tissue engineering
scaffolds, and antimicrobial agents. These studies highlight
versatility of sericin in creating functional nano-conjugates to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of detailed step-by-step process of
synthesizing SS-AgNPs.
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address specic challenges in biomedical and industrial
applications because of its large surface area relative to its
volume. For instance, Dan et al.10 demonstrated the potential of
sericin-based nanoparticles for targeted drug delivery, while
exploring sericin-based nanocarriers for controlled release of
therapeutic agents. Das et al.2 reviewed sericin-based scaffolds
for tissue engineering, emphasizing their applications and
properties. Additionally, recent ndings shows effectiveness of
sericin in antimicrobial applications through its conjugation
with silver nanoparticles (AgNPs).3,11,12

Silver nanoparticles (AgNPs) are extensively utilized across
various industries because of their distinctive properties,
particularly their antimicrobial activity and cost efficiency.13 In
the commercial sector, AgNPs are employed in textiles, medical
devices, and food packaging due to their ability to inhibit
bacterial growth and extend product shelf life.14,15 Recently,
application of AgNPs in food coatings represents a promising
approach to enhance food safety and quality. It is now possible
to create barriers by incorporating AgNPs into food packaging to
reduce microbial contamination, thereby extending the shelf-
life of food products and reducing spoilage.16 However, the
use of AgNPs, in food coatings, from a safety perspective, must
be carefully regulated to ensure they do not pose toxicity risks.
The U.S. Environmental Protection Agency (EPA) has estab-
lished particular thresholds for the concentration of silver
nanoparticles in consumer products to ensure safety. For
instance, the EPA tolerates silver levels in food contact materials
up to 0.01% (10 000 ppm).17 Adhering to these limits ensures
that AgNPs can be utilized safely in food packaging applications
without adverse health effects.

In this study, AgNPs were synthesized adopting a simple,
efficient, and environmentally friendly method utilizing silk
sericin. The research focuses on characterizing and assessing
the practical signicance of these silk sericin-based silver
nanocomposites (SS-AgNPs), with the goal of converting waste
sericin into a valuable product. Silk sericin, extracted from B.
mori silk cocoons, was utilized as a reducing and stabilizing
agent. The synthesized SS-AgNPs were characterized using
various bio-physical techniques. Moreover, the biocompatibility
and antibacterial activity of these SS-AgNPs were assessed
against mostly commonly food-rotting bacteria such as Pseu-
domonas sp., and Staphylococcus sp. Further, the possibility of
exploration of SS-AgNPs solution as effective food coating
material was also evaluated. The study not only helps in making
practical use of sericin waste but also enhances the commercial
value of silk products, contributing to a more sustainable seri-
culture industry.

2. Experiment design
2.1. Collection, isolation and extraction of silk sericin

Silk cocoons of the multivoltine mulberry silkworm breed,
Nistari were collected from the Silkworm Breeding Laboratory
of the Department of Sericulture at Raiganj University, West
Bengal, India. The hot water extraction method was employed
following the method of Nam et al.18 with slight modication.
The cocoons were rst chopped into small pieces and then 10 g
© 2024 The Author(s). Published by the Royal Society of Chemistry
of such cut cocoons were placed into a 500 mL Erlenmeyer ask
containing 250 mL of deionized water and 0.2% sodium
carbonate (Na2CO3). The extraction process was carried out in
an autoclave at 121 °C for 30 min. Then, the mixture was passed
throughWhatman lter paper (no. 1) and dried for 24 h at 60 °C
into a powder form for further experiments.

2.2. Preparation of sample

Firstly, 80 mL of AgNO3 (10 mM) solution was transferred to
a 250 mL Erlenmeyer ask and placed on a magnetic stirrer.
Subsequently, 10 mL of a 1% (w/v) sericin solution (pH 11) was
added to the stirred AgNO3 solution.19 The impact of Ag+ ion
concentration on AgNPs production was investigated by
adjusting the different concentrations of AgNO3 to 1–10 mM.
Based on a previous study,20 the 1 mM AgNO3 solution was
selected for future experiments due to its superior stability and
uniformity. The observed yellow-brown colour change in the
AgNO3 solutions upon adding SS indicated the reduction of Ag+

to Ag0. The solutions were then mixed at 250 rpm and kept
overnight at ambient temperature. The resulting SS-AgNPs were
puried via centrifugation, dried at 50 °C and stored at 4 °C for
further analysis.19,21,22 The detailed step-by-step process of
synthesizing SS-AgNPs is presented in Scheme 1.

2.3. Characterization of silk sericin-based silver nano
composites (SS-AgNPs)

2.3.1. UV-vis spectroscopy. The preliminary characteriza-
tion of SS-AgNPs was carried out using UV-vis spectroscopy to
observe the conversion of Ag+ ions into metallic Ag0. Absorption
spectra for both the SS extract and the synthesized SS-AgNPs
were obtained with a UV-vis spectrophotometer. (Labman,
LMSP-UV1900) over the wavelength range of 300 to 700 nm.

2.3.2. Fourier-transform infrared spectroscopy (FT-IR)
analysis. The FT-IR spectra of the prepared SS extract and
synthesized SS-AgNPs were analyzed using PerkinElmer (Spec-
trum Two, part no. L1600235) to investigate the functional
groups of SS which was responsible for the formation and
stabilization of the SS-AgNPs.

2.3.3. X-ray diffraction (XRD) analysis. The XRD pattern
was obtained using a Rigaku Miniex X-ray diffractometer,
scanning the 2q range of 20°–80° at 40 keV. The X'pertHighscore
RSC Adv., 2024, 14, 33068–33079 | 33069
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Plus soware processed the data, identifying and tting the
diffraction peaks. The particle size D was determined using
Scherrer's equation.23

D= (0.9 × l)/(bCos q)

where, K represents the Scherrer constant (usually 0.9), l

denotes the X-ray wavelength (1.5406 Å for CuKa), b is the full
width at half maximum (FWHM) of the peak in radians, and q is
the Bragg angle.

2.3.4. Scanning electron microscope with energy-
dispersive X-ray spectroscopy (SEM-EDS) analysis. The surface
morphology of biosynthesized SS-AgNPs was analyzed using
a scanning electron microscope (SEM-EDX; S4160 Hitachi,
Japan) following a standard procedure for sputter coating and
imaging.24 Prior to imaging, the samples were prepared by
coating them with a thin layer of gold to enhance conductivity
and prevent charging under the electron beam. This was ach-
ieved using the direct current sputter coating technique (Emi-
techk450X, England), where the sample was placed in a vacuum
chamber, and a gold target was bombarded with ions. The
resulting gold atoms were deposited onto the sample, creating
a uniform, conductive layer. Once coated, the samples were
placed in the SEM chamber for analysis, allowing for high-
resolution imaging of the surface morphology and elemental
composition verication via energy-dispersive X-ray spectros-
copy (EDX). This process ensured clear, detailed images with
minimal distortion or artifacts.

2.3.5. Dynamic light scattering (DLS) analysis. DLS was
performed using a Litesizer DLS 500 (83382307, Anton Parr,
AUSTRIA) to determine the zeta potential of the synthesized SS-
AgNPs.25 The sample was diluted with deionized water, and
measured at 25 °C to assess surface charge and stability of the
SS-AgNPs nanocomposites.

2.4. Antimicrobial potential of SS-AgNPs

2.4.1. Isolation and enumeration of bacteria from toma-
toes. On the 18th day, when the tomatoes in the uncoated
(control) group had fully rotted, samples from all the SS-AgNPs-
coated, agar-coated and uncoated groups were collected using
sterile cotton swabs to assess total viable counts of culturable
bacteria. The swabs were then placed in PBS (1X) solution and
spread on nutrient agar medium plates, and incubated over-
night at 37 °C.26 Furthermore, individual colonies were selected
aer incubation and moved to a fresh medium to achieve pure
colonies. The isolates were stored at −70 °C in 20% glycerol for
future use.

2.4.2. Molecular identication of tomato spoiling bacteria.
The genomic DNA of the four isolates (i.e. RTCS1, RTCS2,
RTTS1, RTTS2) were extracted using the phenol:chloroform
method, as described earlier.27 The 16S rDNA was amplied
using universal primers 27F, 704F, and 907R.28 Puried 16S
rDNA was sequenced using the Sanger sequencing method.
Both strands of sequenced nucleotides were aligned through
BioEdit soware (http://www.bioedit.soware.informer.com)
to retrieve the partial/complete sequence of the 16S rDNA of
the isolate. The retrieved 16S rDNA sequence was submitted to
33070 | RSC Adv., 2024, 14, 33068–33079
the EZBioCloud server (https://www.ezbiocloud.net/) to
identify the closest type strains. From the EZBioCloud server,
all the closest type strains for the isolated strains were
downloaded to obtain multiple sequence alignment with the
ClustalW program using MEGA11 soware. Phylogenetic
trees were constructed by the neighbor-joining (NJ) method,
where the evolutionary distances were calculated by the
Kimura 2 parameter model. Bootstrap analysis for the phylo-
genetic tree was executed with resampling 1000 times for the
validation of each clade of the phylogenetic tree.29 The NCBI
accession number for the 16S rDNA sequence of RTCS1,
RTCS2, RTTS1, RTTS2, were PQ211073, PQ268966, PQ268967,
and PQ268969, respectively.

2.4.3. Assessing the antimicrobial activity of SS-AgNPs and
sericin. Antimicrobial activity of SS-AgNPs and sericin was
conducted via the agar well diffusion method to evaluate the
effectiveness against the isolated tomato rotting bacteria from
the uncoated tomatoes RTCS2 and RTTS2. Pure bacterial
cultures were evenly spread on Mueller–Hinton agar (MHA)
plates, and 8 mm diameter wells were created using a cork
borer. A volume of 100 mL of the synthesized SS-AgNPs (1 mM)
and a 1% (w/v) silk sericin solution were introduced into their
respective wells and incubated overnight at 37 °C. The zones of
inhibition were measured following incubation.

2.4.4. Measurement of minimum inhibitory concentration
(MIC). The concentration of MIC of biosynthesized SS-AgNPs
were conducted following the CLSI guidelines. The MIC test
was carried out in a 96-well round-bottommicrotiter plate using
standard broth microdilution techniques. The bacterial inoc-
ulum was adjusted to a concentration of 106 CFU mL−1 100 mL
of the synthesized SS-AgNPs stock solution (1000 mg mL−1) was
added and sequentially diluted twofold with the bacterial
inoculum in 100 mL of MHB from column 12 to column 3.
Column 12 of themicrotiter plate had the highest concentration
of AgNPs, while column 3 had the lowest. Column 1 acted as
a negative control (medium only) and column 2 served as
a positive control (medium plus bacterial inoculum).
2.5. Biocompatibility of SS-AgNPs

2.5.1. Cell line assay. An MTT (3-[4,5-dimethylthiazole-2-
yl]−2,5-diphenyltetrazolium bromide) assay was conducted to
assess the cytotoxicity of the synthesized SS-AgNPs.22,29 The
synthesized SS-AgNPs at various concentrations, such as 12.5 mg
mL−1, 25 mg mL−1 50 mg mL−1, 100 mg mL−1, 200 mg mL−1, and
400 mg mL−1 were treated with Hek293 (human embryonic
kidney 293 cell line) (ATCC) cell lines (105 no. of cells) in a 96-
well micro-plate, and incubated for 24 h at 37 °C in a 5% CO2

incubator. Aer the incubation period, DMEMmedia (10% FBS)
were replaced with 50 mL of MTT (1 mg mL−1 in 1X PBS) + 50 mL
of DMEMmedia (FBS free), and incubated at 37 °C for 3 h. Aer
that the previous media was discarded and 100 mL of DMSO,
a formazan solubilizer was added to each well, and the plate was
incubated for 35 min. The resulting color was measured by
recording the absorbance at 570 nm in Biotek® Synergy H1
micro-plate reader (USA). The percentage cell cytotoxicity was
calculated as follows-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic representation of the (A) preparation of food
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Cell cytotoxicity= (A − B)/A × 100

where, A represents the absorbance of control (untreated) cells
and B denotes the absorbance of cells treated with different
concentrations of synthesized SS-AgNPs.

2.5.2. Hemocompatibility study. The hemocompatibility
study of SS-AgNPs was assessed using a hemolytic assay,
following the study of Mondal et al.29 The hemolytic assay study
determined whether there were any adverse effects following
the interaction between nanoparticles and blood cells. Diluted
solution of bovine red blood cells (RBCs) was mixed with SS-
AgNPs at a concentration of 50 mg mL−1. The mixture was
then incubated for 2 h at room temperature. Aer incubation,
we separated the supernatant (liquid portion) from the RBCs.
To measure hemolysis (RBC damage), UV-visible spectropho-
tometer (Labman, LMSP-UV1900) is used to assess the absor-
bance of the supernatant at 541 nm. The percentage of
hemolysis was calculated using the following equation-

Hemolysis (%) = [(As − AN))/((AP − AN)] × 100

where, AS, AN, AP are the absorbance of the sample, negative
control (1X PBS) and positive control (distilled water),
respectively.

2.5.3. Toxicity assay on silkworm. The disease-free layings
(ds) of the mulberry silkworm, Nistari (pure multivoltine) were
collected from the Office of the Assistant Director, Directorate of
Textile Sericulture, Raiganj, Government of West Bengal. The
rearing of the silkworm larvae was performed at silkworm
rearing laboratory, Raiganj University during the month of
June–July, 2024 adopting the standard protocols.30 Silkworm
larvae were fed with the mulberry leaves of S1635 grown at the
departmental mulberry garden following the recommended
agronomical package and practices as outlined by Dandin and
Kumari.31 Four batches were maintained including the control
aer 4th moult. Fiy silkworm larvae were kept in each batch
for the study. The mulberry leaves were initially rinsed thor-
oughly with water and then air-dried. Three experimental
batches such as T1, T2 and T3 were fed with the mulberry leaves
spread with synthesized SS-AgNPs at selected concentrations of
31.25 mg mL−1, 62.5 mg mL−1 and 125 mg mL−1 respectively. The
control batch was fed with mulberry leaves without any treat-
ment. Three feedings were given per day and data were recorded
for larval duration, larval survivability, larval weight and length,
pupal survivability, silk gland weight, cocoon weight, cocoon
shell weight, cocoon shell percentage, lament length, denier,
broin and sericin content. Cocoon shell percentage, denier
and sericin content were calculated using the following
formulae-

Cocoon shell % = (coccon shell weight)/(coccon weight) × 100

Denier =

[silk filament weight (g))/(silk filament length (m)] × 9000

Sericin content %=(W0 − W1)/W0 × 100
© 2024 The Author(s). Published by the Royal Society of Chemistry
where,W0 (g) andW1 (g) are the weights of the dried ber before
and aer degumming with Na2CO3 solution, respectively.32
2.6. Evaluation of practical signicance of SS-AgNPs

2.6.1. Preparation of SS-AgNPs based food coating mate-
rial. SS-AgNPs were mixed with a 1% agar powder solution for
the preparation of homogenized food coating material (see
Scheme 2). The nal concentration of AgNPs in the solution was
maintained at 30 mg mL−1.

2.6.2. Application of SS-AgNPs as food coating material.
For the experiments, tomatoes were dip-coated once by
immersing them in a 70 mm deep coating solution (30 mg mL−1

SS-AgNPs + 1% agar) at room temperature (25 ± 5 °C) for 2 min,
removed by holding pedicel, and then air dried and marked as
SS-AgNPs coated.33 The tomatoes coated only with 1% agar
solution without any AgNPs treatment were assigned as agar
coated while, tomatoes without any coating kept as control
group. A total number of 90 tomatoes (each group comprising
30) were used for this study. The tomatoes were kept in
commercial crisper separately in groups and stored at 25 ± 5 °C
and 65 ± 5 RH under normal environment until the samples
started to get rotten.

2.6.3. Evaluation of SS-AgNPs as food coating material
2.6.3.1. Determination of weight loss percentage. The weight

loss of the treated and control group tomatoes was monitored at
room temperature, with observations recorded every 3 days up
to the 18th day, when the control group tomatoes had fully
decayed. The weight loss percentage was calculated using the
following equation-

Weight loss= (MN − M0)/M0 × 100

where,MN is the weight of the fruit on the day of sampling, and
M0 is the weight of the fruit on the 0th day.

2.6.3.2. Determination of decaying percentage. To determine
the decay percentage of tomatoes, each sample from the SS-
AgNPs-coated, agar-coated, and control groups were visually
examined for the development of spots, followed by soening
coating material, (B) enumeration of the bacterial load from both
coated and uncoated tomatoes.

RSC Adv., 2024, 14, 33068–33079 | 33071
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and eventual deterioration. The number of rotting tomatoes in
each group was counted, and the percentage of decayed toma-
toes was calculated relative to the total number of tomatoes in
each group.34

2.7. Statistical data analysis

All measurements were performed in triplicate to ensure accu-
racy and reproducibility. The mean values and standard devia-
tions (SD) were computed for each set of measurements. Data
were analyzed using one-way analysis of variance (ANOVA) to
evaluate differences among the SS-AgNPs coated, agar coated
and control groups following Dunnett's signicant test analysis
(p < 0.05). The statistical analysis was conducted using Graph-
Pad Prism version 8.4.2., a soware package designed for
comprehensive data analysis and visualization.

3. Results and discussion
3.1. Characterization of SS-AgNPs

3.1.1. Ultraviolet-visible spectroscopy. The results on UV
spectra of SS and SS-AgNPs are depicted in Fig. 1. The highest
absorption peak of SS-AgNPs recorded at 428 nm (Fig. 1A). This
peak may be due to the reduction of Ag+ to Ag0 by SS.35 The inset
of Fig. 1 (Fig. 1B) shows the color change in the aqueous SS
solution from light yellow to dark brown indicating the forma-
tion of SS-AgNPs nanocomposites. One of the most fascinating
properties of metal nanoparticles is their optical behavior,
which varies with the shape and size of the nanoparticles.36

Laser beams passing through the colloidal solution aer the
formation of SS-AgNPs display the Tyndall effect, where light
scattering is observed (Fig. 1B). This light scattering pattern,
indicative of the Tyndall effect, provides an initial indication of
AgNPs formation in the solution. The Tyndall effect with AgNPs,
which are microscopic colloidal particles sufficiently large to
scatter a light beam, further conrms their presence.25 The
extent of light scattering is inuenced by both the particle
density in the colloidal structure and the wavelength of the
incident light.37
Fig. 1 UV-vis Spectra of SS-AgNPs, Sericin, and AgNO3. (A) It corre-
sponds to the solution of the 1 mM of SS-AgNP and silk sericin solu-
tion, (B) laser light scattering of SS-AgNPs solution in which the upper
side of the figure corresponds side view and the lower side corre-
sponds to the top view of light scattering.

33072 | RSC Adv., 2024, 14, 33068–33079
3.1.2. Fourier-transform infrared (FT-IR) spectroscopy
analysis. Results from the FT-IR analysis showed characteristic
absorption peaks for SS and SS-AgNPs at 1641.1 cm−1 (amide-I),
1520 cm−1 (amide-II), and 1234.1 cm−1 (amide-III) for SS, and at
1637.6 cm−1 (amide-I), 1522.3 cm−1 (amide-II), and 1238 cm−1

(amide-III) for SS-AgNPs (Fig. 2). Comparable FT-IR patterns
were reported during the production of SS-AgNPs, with
absorption peaks at 1640 cm−1, 1503 cm−1 and 1248 cm−1 for
amide-I, II and III respectively.38 Moreover, variations in band
spectra were observed, with some bands shiing to slightly
higher wavenumbers, such as from 1520 cm−1 to 1522.3 cm−1,
and from 1234.1 cm−1 to 1238 cm−1. These shis may result
from the reduction of Ag ions, which can cause oxidation of
certain functional groups.38 The peak at 1637.6 cm−1 corre-
sponds to carbonyl stretching frequency. The shi of the
carboxylic group (COOH) stretching frequency from a higher
wavenumber in SS to a lower wavenumber in SS-AgNPs might be
due to Ag+ reduction by the biomolecules in SS, which include
COOH, OH, and CO groups that strongly adhere to the nano-
particle surface.22 Additionally, the band at 3268.2 cm−1 in SS
shied to 3276.6 cm−1 in SS-AgNPs, indicating NH–OH bond
stretching vibrations.39 The small shi between 1392 to 1390 in
SS-AgNPs to sericin which corresponds bending of –OH
groups.40 The shi from 1057.4 cm−1 in SS to 1063.6 cm−1 in SS-
AgNPs suggested a strengthening of the C–O bond, likely due to
the interaction between SS and SS-AgNPs, where SS acts as
a stabilizing and capping agent.41 The disappearance of the
peak at 983 cm−1 in the SS-AgNPs FT-IR spectrum implies that
the interaction with AgNPs had altered the chemical environ-
ment around the SS residues, causing a shi or masking of the
C–O stretching vibration characteristic of SS.42 Furthermore,
a weak adsorption peak at 890 cm−1 corresponding to Ag–O
indicated the incorporation of AgNPs with SS35,43 (Table 1).

3.1.3. X-ray diffraction (XRD) analysis. The XRD patterns of
the synthesized SS-AgNPs, as shown in Fig. 3, revealed their
crystalline structure with distinct peaks at 32.4°, 38.4°, 46.5°,
64.8°, and 77.8°, corresponding to the (122), (111), (200), (220),
and (311) planes of a face-centred cubic (FCC) structure of
metallic silver (Ag), respectively. This conrms the FCC crys-
talline structure of the AgNPs, consistent with previous
Fig. 2 FTIR-Spectra of SS-AgNPs and sericin.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 FTIR peaks of SS-AgNPs and sericin with band assignment

Peaks of SS Peaks of SS-AgNP Band assignment Reference

3268.2 3276.6 NH–OH bond stretching 39
3068.4 3066 Aromatic C–H stretching band of tyrosine 41
1641.1 1637.6 Amide I (C]O stretching vibration) 19, 22 and 38
1520 1522.3 Amide II (N–H bending and C–N stretching vibration)
1392 1390 Bending of O–H groups 40
1234.1 1238 Amide III (C–N–H in-plane bending and C–N stretching vibration) 19 and 38
1057.4 1063.6 C–O stretching 42
983 x C–O stretching of serine 42
x 890 Ag–O 35 and 43

Fig. 3 X-ray diffraction pattern of the SS-AgNPs.

Fig. 4 SEM and EDX of the SS-AgNPs.
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studies.22,38,39,44–46 The most prominent peak appeared at a 2q
angle of 38.2°, which corresponded to the (111) plane, indi-
cating that this plane was the dominant feature in the silver
nanoparticles.47 This suggests that the synthesized AgNPs
exhibited a high degree of crystallinity. The peak at 26.15° is
attributed to SS, indicating its incorporation into the AgNPs
nanocomposites.35 The average particle size of the SS-AgNPs
ranged from 6–34 nm, with a crystallinity percentage of
76.19%, aligning with ndings by Koley et al.48 The full width at
half maximum (FWHM) calculated from XRD data and char-
acteristic patterns of the different crystalline structures of SS-
AgNPs has summarized in Table 2. These results demon-
strated the high quality and uniformity of the synthesized
nanoparticles, conrming the effectiveness of the synthesis
Table 2 X-ray diffraction scattering data of the SS-AgNPs

2q Plane FWHM Structure

26.15 Sericin
32.4 122 0.23889 Face-centered cubic
38.4 111 1.27565
46.5 200 0.25923
64.8 220 0.82812
77.8 311 0.85437

© 2024 The Author(s). Published by the Royal Society of Chemistry
process. The observed structural features, including the pres-
ence of sericin, suggest potential applications in biomedical
and material sciences due to the enhanced stability and
biocompatibility of the SS-AgNPs nanocomposites.

3.1.4. Scanning electron microscopy (SEM). The SEM
image of biosynthesized SS-AgNPs (Fig. 4) showed a poly-
dispersed and irregular in form with no dened morphology.
Factors like intermolecular attraction and hydrophobic inter-
actions may have contributed to the collapsed structures
observed.49 Previous investigations by Khan et al.,50 Riaz et al.,51

and Labulo et al.52 also reported similar ndings, as they
synthesized AgNPs using different natural sources. Khan et al.50

utilized seed coat waste from pistachio (Pistacia vera), Riaz
et al.51 employed aqueous root extract of A. glauca, and Labulo
Reference

35
crystalline structure of metallic AgNPs 46

22, 38, 39, 44 and 45

RSC Adv., 2024, 14, 33068–33079 | 33073
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et al.52 used leaf extract from Morinda lucida. The EDX prole
conrmed the presence of AgNPs through strong silver signals,
while carbon peaks indicated the presence of carbon
compounds, possibly from amino acids in the silk sericin
extract, conrming the successful synthesis of AgNPs using SS
extract.

3.1.5. Dynamic light scattering spectroscopy. The DLS
analysis determined the zeta potential of bio-molecule-
functionalized AgNPs in a colloidal aqueous solution (Fig. 5).
The zeta potential of sericin-based AgNPs is a vital indicator of
their stability and potential applications. Studies have shown
that sericin effectively stabilizes AgNPs, with zeta potential
values varying based on the synthesis method and conditions.53

In this study, the SS-AgNPs revealed a zeta potential of
approximately −43.86 mV, indicating signicant stability and
preventing nanoparticle aggregation through strong electro-
static repulsion.49 To assess the tendency of AgNPs to aggregate
and eventually precipitate, particle size distribution in the
simple dispersion was used as a control parameter, alongside
electro-kinetic or zeta-potential measurements. Typically, zeta-
potential values exceeding ±25 mV are considered indicative
of stable nano silver dispersion.54,55
3.2. Antimicrobial activities of SS-AgNPs

3.2.1. Enumeration of bacteria from tomatoes. The total
bacterial count of the fruit samples was determined by assess-
ing the bacterial colonies on each plate, corresponding to serial
dilutions of 10−1, 10−2, and 10−3, aer which the mean value
was calculated. TVC > 4 log10 CFU mL−1 is indicative of signif-
icant microbial presence and is directly associated with fruit
spoilage.56 Our study found that the mean TVC was 1.45 log10
CFUmL−1 for the SS-AgNPs coated sample, 6.60 log10 CFUmL−1

for agar coated sample and 9.54 log10 CFU mL−1 for the
uncoated sample (control).

3.2.2. Molecular identication of bacteria from tomatoes.
Four bacterial strains responsible for the spoilage of tomatoes
have been identied. Two of these strains, Pseudomonas sp.
RTCS2 and Staphylococcus sp. RTTS2 were obtained from
uncoated tomatoes (control group). The remaining two strains,
Fig. 5 Zeta potential of bio-molecule-functionalized SS-AgNPs.

33074 | RSC Adv., 2024, 14, 33068–33079
Enterobacter sp. RTCS1 and Enterococcus sp. RTTS1 were iso-
lated from tomatoes coated with agar.

The 16S rDNA-based phylogenetic analysis of closely related
type strains indicated that the closest relative to the isolates
RTCS2 and RTTS2 were Pseudomonas asiatica RYU5 with 99.93%
similarity (1 nt variation), and Staphylococcus gallinarum ATCC
35539 with 99.93% similarity (1 nt variation), respectively
(Fig. 6).

Additionally, the EZBiocloud server identied Enterobacter
cloacae subsp. dissolvens LMG 2683 as the closest relative to the
isolate RTCS1, with a 99.79% similarity (3 nt variation).
However, phylogenetic tree analysis indicated that RTCS1 was
more closely related to Enterobacter cloacae subsp. cloacae ATCC
1304, with a 99.73% similarity (4 nt variation). These ndings
suggest that RTCS1 may represent a novel species, warranting
further genomic analysis for conrmation. Moreover, it was also
observed that the closest relative to the isolate RTTS1 was the
Enterococcus casseliavus MUTK 20 and Enterococcus innesii
GAL7 with 100% similarity (0 nt variation) (Fig. 7).

3.2.3. Zone of inhibition test. The synthesized SS-AgNPs
demonstrated signicant antibacterial activity, with inhibition
zones of 20 ± 0.5 mm against Pseudomonas sp. RTCS 2 (Fig. 8A)
and 16 ± 0.4 mm against Staphylococcus sp. RTTS2 (Fig. 8B). In
comparison, the silk sericin exhibited much lower antibacterial
activity, showing inhibition zones of 2 ± 0.2 mm for Pseudo-
monas sp. RTCS 2 (Fig. 8A) and 1 ± 0.1 mm for Staphylococcus
sp. RTTS2 (Fig. 8B). This stark contrast highlighted the
enhanced antibacterial efficacy of AgNPs, which is attributed to
their nanoscale physicochemical properties, allowing more
efficient interactions with bacterial cells than larger molecules
like sericin. These ndings are in consistent with those of the
previous works of Wang et al.11 and Masud et al.38

3.2.4. Minimum inhibitory concentration (MIC). MIC is
the minimum concentration of an antimicrobial agent needed
to inhibit bacterial growth.57 In the present study, the MIC
values for SS-AgNPs were determined to be 7.8125 mg mL−1 for
Pseudomonas sp. RTCS 2 and 15.625 mg mL−1 for Staphylococcus
sp. RTTS2 (Fig. 9). The MIC for Pseudomonas sp. RTCS2 is
consistent with values reported for AgNPs synthesized from
Phyllanthus amarus extract, which ranged from 6.25 to 12.5 ppm
against clinical P. aeruginosa strains.58 Elbehiry et al.59 reported
Fig. 6 Neighbor joining phylogenetic tree of the isolated bacteria
(Staphylococcus sp. RTTS2 and Pseudomonas sp. RTCS2) from the
control group based on 16s rDNA sequence. Only >50% bootstrap
value is shown at the branch node from 1000 replicates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Neighbor joining phylogenetic tree of the isolated bacteria
(Enterococcus sp. RTTS1 and Enterobacter sp. RTCS1) from the agar-
coated group based on 16s rDNA sequence. Only >50% bootstrap
value is shown at the branch node from 1000 replicates.

Fig. 8 Measurement of zone of inhibition of (1) SS-AgNPs and (2) 1%
(w/v) of SS against (A) Pseudomonas sp. RTCS2 and (B) Staphylococcus
sp. RTTS.

Fig. 9 The MIC (mg mL−1) of the SS-AgNP against the Pseudomonas
sp. RTCS2 and Staphylococcus sp. RTTS2.

Fig. 10 MTT assay of SS-AgNPs against the HEK293 cell lines. Dun-
nett's test was employed to compare significant differences between
an experimental data set and the control values of that data set; *, **,
*** significant at p < 0.05 and 0.01, 0.001, respectively.
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that MIC values for AgNPs against S. aureus range between 6.25
and 25 mg mL−1. These ndings indicate that both bacterial
isolates were highly sensitive to SS-AgNPs, and only minimal
nanoparticle concentrations were necessary to inhibit the
growth of Staphylococcus sp. and Pseudomonas sp. effectively.
Fig. 11 Hemocompatibility assessment of SS-AgNPs.
3.3. Biocompatibility of SS-AgNPs

3.3.1. MTT assay. The biocompatibility of SS-AgNPs was
evaluated using an MTT assay on HEK293 cells (Fig. 10). Higher
cell viability correlates with greater biocompatibility of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
substance. Results showed that up to 50 mg mL−1 of SS-AgNPs
did not signicantly reduce cell viability compared to the
control, indicating good biocompatibility. Similar ndings were
reported by Some et al.,22 where biosynthesized AgNPs at
50 ppm were also biocompatible with HEK293 cells. Our study
suggests that SS-AgNPs selectively target prokaryotic cells, likely
due to structural differences in the membranes of prokaryotic
and eukaryotic cells. Once internalized through endocytosis,
AgNPs dissolve, releasing Ag+ ions in the cytosol, which disrupts
metabolic processes and the cell cycle.60

3.3.2. Hemolysis assay. The hemolysis assay was conducted
to evaluate the hemocompatibility of SS-AgNPs. The results
indicated that SS-AgNPs at a concentration of 50 mg mL−1

caused a hemolysis of 1.153 ± 0.2% (Fig. 11). According to
earlier studies, nanoparticles exhibiting less than 5% hemolysis
are considered hemocompatible.61 The controls for the test
included a diluted red blood cell (RBC) solution mixed with
0.8 mL of phosphate-buffered saline (PBS) and 0.8 mL of
double-distilled water as negative and positive controls,
respectively. Additionally, ndings by Hajtuch et al.62 support
our results, demonstrating that eptibatide-functionalized
RSC Adv., 2024, 14, 33068–33079 | 33075
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silver nanoparticles (AgNPs-EPI) also did not induce signicant
hemolysis at a concentration of 50 mg mL−1. This corroborates
the hemocompatibility of SS-AgNPs. To assess the hemo-
compatibility of silk sericin-based silver nanoparticles (SS-
AgNPs), a hemolysis test was conducted. The results indicated
that SS-AgNPs at a concentration of 50 mg mL−1 caused
a hemolysis of 1.153 ± 0.2%. This corroborates the hemo-
compatibility of SS-AgNPs.

3.3.3. Toxicity assay on silkworm. The silkworm larvae fed
with synthesized SS-AgNPs showed varied responses across
measured parameters (Table 3). The shortest larval duration
(167.3 h) was recorded at 31.25 mg mL−1 (T1), but without
signicant differences between groups. The highest larval
weight (1.34 g) and length (5.267 cm) were observed in the T3
group (125 mg mL−1). No signicant changes in silk gland
weight were noted. Larval and pupal survivability remained
stable across groups, with no notable differences. Cocoon
weight (0.840 g) and cocoon shell weight (0.105 g) increased in
the T3 group while the cocoon shell percentage slightly
increased to 12.58% at 62.5 mg mL−1 (T2). Filament length
signicantly increased to 562.7 meters in T3, while denier
decreased to 1.877. Fibroin content increased (84.60% in T2),
while sericin content decreased to 15.40% in the same group.
Moreover, a signicant reduction in denier (1.877) was observed
in T3. Results demonstrated that SS-AgNP treatment may
improve silkworm traits relevant to silk production. Though
larval duration varied slightly, the shorter duration in T1 is
benecial for commercial use. The increased larval weight,
length, and lament length in the T3 group, along with stable
survivability, suggest no adverse effects on silkworm health. The
improved silk ber quality, evidenced by lower denier and
higher broin content, supports the use of SS-AgNPs for
enhancing silk production. These ndings indicated that SS-
AgNP-treated leaves could be a valuable addition to sericul-
ture without compromising economic traits.

Previous studies highlighted varied effects of nanoparticles
on silkworms, B. mori. Li et al.63 found that low concentrations
Table 3 Effect of feed supplementation with biosynthesized SS-AgNPs

Parameters Control T1

Larval duration (h) 172.0 � 3.61 167
Larval weight (g) 1.203 � 0.05 1.23
Larval length (cm) 4.600 � 0.20 5.16
Silk gland weight (g) 0.784 � 0.01 0.78
Larval survivability (%) 95.00 � 2.00 93.6
Pupal survivability (%) 92.33 � 2.52 89.6
Cocoon weight (g) 0.829 � 0.01 0.81
Shell weight (g) 0.100 � 0.00 0.09
Cocoon shell (%) 12.03 � 0.36 12.1
Filament length (m) 483.0 � 16.09 485
Denier (d) 2.257 � 0.11 2.16
Fibroin content (%) 77.33 � 3.51 81.0
Sericin content (%) 22.67 � 3.51 19.0

a Data represent mean ± SD of three replicates; T1, T2 and T3 represent e
synthesized SS-AgNPs at selected concentrations of 31.25 mg mL−1, 62.5 m
compare signicant differences between an experimental data set and th
respectively.

33076 | RSC Adv., 2024, 14, 33068–33079
of titanium dioxide nanoparticles (TiO2 NPs) improved feed
efficiency, weight gains, and cocoon mass, while higher
concentrations inhibited growth. Similarly, Patil et al.64 re-
ported that AgNPs from mulberry leaf extract using green
methods not only enhanced silk protein content but also
increased larval weight, cocoon and shell weight.25 However,
AgNPs below 400 mg mL−1 were benecial for growth and
cocoon weight, but higher doses led to silkwormmortality.65 Wu
et al.66 observed no signicant impact of titanium, iron, and
copper nanoparticles on silkworm weight, although they
improved silk bre mechanical properties. Approximately 2000
strains of B. mori exhibit diverse traits such as body weight and
cocoon weight based on their geographic origin. The interac-
tions between nanoparticles and silkworms, likely driven by the
physico-chemical properties and antimicrobial activities of
nanoparticles, remain poorly understood.25,63–66 Further studies
are required to investigate the long-term effects of SS-AgNPs on
silkworm performance and silk quality.
3.4. Application of SS-AgNPs as food coating material

3.4.1. Determination of weight loss ratio. The study eval-
uated the efficacy of SS-AgNPs and agar coatings in reducing
weight loss in tomatoes during storage. Fig. 12 illustrates the
weight loss percentage for tomatoes coated with SS-AgNPs, agar,
and uncoated tomatoes over time. As expected, weight loss
progressively increased with the duration of storage, with
uncoated tomatoes exhibiting the highest weight loss. By the
18th day, the uncoated tomatoes were fully rotten, showing
a signicant weight loss of 41.74%, which was notably higher
than that of SS-AgNPs-coated tomatoes (15.5%) and agar-coated
tomatoes (30.19%) (Fig. 12). The superior performance of SS-
AgNPs in reducing weight loss compared to agar can be attrib-
uted to their antibacterial and barrier properties, which slow
down dehydration and spoilage processes.67,68 On the 12th day
of storage, SS-AgNPs-coated tomatoes exhibited the lowest
weight loss (10.76%), compared to 16.93% for the agar-coated
on B. moria

T2 T3

.3 � 6.66 172.0 � 6.56 173.0 � 5.00
0 � 0.05 1.247 � 0.05 1.340 � 0.03*
7 � 0.29 5.200 � 0.17* 5.267 � 0.21**
3 � 0.01 0.844 � 0.04 0.817 � 0.04
7 � 1.53 93.33 � 2.08 93.00 � 1.00
7 � 2.08 89.33 � 2.89 90.00 � 2.00
7 � 0.01 0.831 � 0.01 0.840 � 0.01
9 � 0.00 0.105 � 0.00 0.105 � 0.00
6 � 0.25 12.58 � 0.54 12.54 � 0.48
.7 � 11.59 497.7 � 2.52 562.7 � 2.52*
7 � 0.12 2.007 � 0.10 1.877 � 0.02*
0 � 1.00 84.60 � 0.4 82.97 � 0.93
0 � 1.00 15.40 � 0.4 17.03 � 0.93

xperimental silkworm batches fed with the mulberry leaves spread with
g mL−1 and 125 mg mL−1 respectively; Dunnett's test was employed to
e control values of that data set; *, ** signicant at p < 0.05 and 0.01,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The effect of SS-AgNPs-based edible coating on weight loss %
in tomatoes. In inset the percent loss is calculated from day 12th to day
18th. Dunnett's test was employed to compare significant differences
between an experimental data set and the control values of that data
set; *, **, **** significant at p < 0.05 and 0.01, 0.0001, respectively.

Fig. 14 The effect of SS-AgNPs-based edible coating on decay % in
tomatoes. Dunnett's test was employed to compare significant
differences between an experimental data set and the control values of
that data set; *, ** and *** significant at 0.05, 0.01 and 0.001
respectively.
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tomatoes. This indicates that SS-AgNPs create a more effective
barrier, likely reducing respiration and water loss in the toma-
toes.69 Furthermore, uncoated tomatoes showed a rapid
increase in weight loss, reaching up to 92.08% from the 12th to
the 18th day. In contrast, SS-AgNPs-coated tomatoes demon-
strated a more controlled and gradual weight loss of 44.05%
over the same period, as depicted in the inset of Fig. 12.
However, further research is needed to detect the exact amount
of SS-AgNPs residues present in the fruit/vegetable esh.

The ability of SS-AgNPs to maintain better moisture content
can be linked to their enhanced barrier properties against water
vapour and oxygen transmission70,71 The photographs of toma-
toes in the uncoated (control), agar-coated and SS-AgNPs coated
across various storage periods is depicted in Fig. 13.

3.4.2. Determination of decaying percentage. The results
on determination of decay percentage of tomatoes under
different treatment and control groups clearly demonstrated
that the decay percentage of tomatoes increased with storage
time across the ripening stages. For tomatoes stored at ambient
temperature, decay began as early as day 6. At the breaker stage,
when the tomato starts to change color from light red to
a slightly yellowish red, pink, or dark red, tomatoes showed
23.33% decay by day 6, rising to 40% by day 9, with complete
deterioration by day 18 in the control group. In the slightly
yellowish red stage, decay accelerated, reaching 26.66% and
Fig. 13 Photographs of tomatoes in the uncoated, agar-coated and
SS-AgNPs coated for 18 days at room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
40% by day 9 both in the control and agar-coated tomatoes.
However, a highly signicant reduction (p < 0.01) in decay
percentage was observed in SS-AgNPs-coated tomatoes on day 9
(3%) and day 18 (6%), compared to the control and agar-coated
tomatoes (Fig. 14).

The primary factor driving this deterioration is ethylene
production, which accelerates fruit ripening corresponding to
storage time and temperatures. This aligns with ndings by
Moneruzzaman et al.72 , who reported that temperatures and
humidity are some of the major factors of early decay in fruits. A
similar study was conducted earlier to study the decay
percentages of postharvest quality of tomatoes under the
various storage methods and ripening stages.34 The schematic
diagram presented in Scheme 3 illustrates the protective effect
of SS-AgNPs on tomatoes. Uncoated tomatoes are prone to
bacterial colonization, leading to decay while, SS-AgNP-coated
tomatoes experienced reduced bacterial growth due to the
release of silver ions that inhibit bacterial activity. The coating
also minimizes weight loss by reducing moisture and gas
exchange, ultimately helping to preserve the tomatoes and keep
them healthy.
Scheme 3 Schematic diagram of possible protective mechanism of
SS-AgNPs on tomatoes.

RSC Adv., 2024, 14, 33068–33079 | 33077
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4. Conclusions

The present study successfully synthesized SS-AgNPs through
a simple, eco-friendly method using sericin as both a reducing
and stabilizing agent. The comprehensive characterization of
the SS-AgNPs conrmed their stability, small size, and high
crystallinity, which contributed to their potent antimicrobial
activity. The SS-AgNPs demonstrated signicant inhibition
against common food spoilage bacteria, highlighting their
potential in antibacterial applications. Additionally, their use as
a food coating material proved effective in reducing weight loss
and extending the shelf life of tomatoes, making them a prom-
ising solution for food packaging and preservation. Impor-
tantly, the biocompatibility assays showed that the SS-AgNPs
were non-toxic to human cells and hemocompatible, reinforc-
ing their safety for practical applications in both the biomedical
and food industries. This research not only offers a sustainable
way to repurpose sericin, a silk industry byproduct, but also
opens new avenues for its use in nanotechnology. Future
studies could explore the long-term effects of SS-AgNPs in
various applications, including larger-scale food packaging
systems and advanced biomedical applications, to further
realize their full potential. The results from this study pave the
way for integrating sericin into commercial products, contrib-
uting to a more sustainable and economically viable sericulture
industry.
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