
Saudi Journal of Biological Sciences 30 (2023) 103807
Contents lists available at ScienceDirect

Saudi Journal of Biological Sciences

journal homepage: www.sciencedirect .com
Original article
Optimization of subtilisin production from Bacillus subtilis strain ZK3 and
biological and molecular characterization of synthesized subtilisin
capped nanoparticles
https://doi.org/10.1016/j.sjbs.2023.103807
1319-562X/� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Department of Biotechnology, KLE Technological
University, Vidyanagar, Hubballi 580 031, India.

E-mail addresses: 01fe21rbt003@kletech.ac.in (S.S. Shettar), zabin@kletech.ac.in
(Z.K. Bagewadi), 01fe19bbt006@kletech.ac.in (H.N. Kolvekar), mtatagar@kku.edu.sa
(T.M. Yunus Khan), sshahul@kku.edu.sa (S.M. Shamsudeen).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Shreya S. Shettar a, Zabin K. Bagewadi a,⇑, Harsh N. Kolvekar a, T.M. Yunus Khan b,
Shaik Mohamed Shamsudeen c

aDepartment of Biotechnology, KLE Technological University, Hubballi, Karnataka 580031, India
bDepartment of Mechanical Engineering, College of Engineering, King Khalid University, Abha 61421, Saudi Arabia
cDepartment of Diagnostic Dental Science and Oral Biology, College of Dentistry, King Khalid University, Abha 61421, Saudi Arabia

a r t i c l e i n f o
Article history:
Received 3 August 2023
Revised 22 August 2023
Accepted 1 September 2023
Available online 6 September 2023

Keywords:
Bacillus subtilis
Subtilisin
Response surface methodology
Nanoparticles
Biological attributes
Analytical characterization
a b s t r a c t

The increase and dissemination of multi-drug resistant bacteria have presented a major healthcare chal-
lenge, making bacterial infections a significant concern. The present research contributes towards the
production of bioactive subtilisin from a marine soil isolate Bacillus subtilis strain ZK3. Custard apple seed
powder (raw carbon) and mustard oil cake (raw nitrogen) sources showed a pronounced effect on sub-
tilisin production. A 7.67-fold enhancement in the production was evidenced after optimization with
central composite design-response surface methodology. Subtilisin capped silver (AgNP) and zinc oxide
(ZnONP) nanoparticles were synthesized and characterized by UV–Visible spectroscopy. Subtilisin and its
respective nanoparticles revealed significant biological properties such as, antibacterial activity against
all tested pathogenic strains with potential against Escherichia coli and Pseudomonas aeruginosa.
Prospective antioxidant behavior of subtilisin, AgNP and ZnONP was evidenced through radical scaveng-
ing assays with ABTS and DPPH. Subtilisin, AgNP and ZnONP revealed cytotoxic effect against cancerous
breast cell lines MCF-7 with IC50of 83.48, 3.62 and 7.57 lg/mL respectively. Characterizations of nanopar-
ticles were carried out by Fourier transform infrared spectroscopy, scanning electron microscopy with
energy dispersive X-ray, X-ray diffraction, thermogravimetric analysis and atomic force microscopy anal-
ysis to elucidate the structure, surface and thermostability properties. The study proposes the potential
therapeutic applications of subtilisin and its nanoparticles, a way forward for further exploration in the
field of healthcare.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The prevalence of microbial illnesses has a severe negative
impact on human health and has worsened globally due to
multi-drug resistant in bacteria (Prabhawathi et al., 2019). Conse-
quently, there is now increased focus on the development of novel
antimicrobial agents to address this outbreak. Several bioactive
molecules’ antimicrobial effects on bacteria have been extensively
documented in numerous studies (Vasconcelos et al., 2018).
Antibiotic identification has lessened the prevalence of infectious
illnesses and saved numerous lives. Nonetheless, the extensive uti-
lization of antibiotics in recent times has resulted in the swift
development of multidrug-resistant ‘‘superbug” variants, render-
ing infectious diseases progressively challenging to manage using
the current categories of antibiotics. The notion of one health high-
lights the critical interaction of human, animal, and environmental
components in the control of antimicrobial resistance (AMR) which
has been rising disproportionately over the past decades. Conse-
quently, there is a pressing necessity to create novel categories of
antimicrobial agents (Taneja and Sharma, 2019; Zhou et al.,
2019). There appears to be a boost in the number of instances of
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lifestyle and genetic disorders over the last few decades, like can-
cers and neurodegenerative disorders, are the conditions charac-
terized by the progressive degeneration of nerve cells (including
Parkinson’s, Alzheimer’s and Huntington’s diseases), significantly
impacting the quality of life which have given rise to the progress
in advanced science and technology in overcoming these chal-
lenges (Khandia et al., 2019). Cancer is an illness which triggers
abnormal proliferation of cells, which can be either malignant or
benign and is said to be the major life-threatening diseases. The
global burden of cancer continues to escalate, imposing significant
physical, emotional and financial stress on individuals and health-
care systems (Saji et al., 2021). Numerous treatment approaches,
including radiation, chemotherapy and surgeries are accessible
for combating cancer. Nevertheless, the frequent occurrence of
chemotherapy failure is consistently reported and primarily linked
to the development of drug-resistant cancer cells. As a result,
extensive efforts are being undertaken in the battle against cancer
(Alfarouk et al., 2015; Thankappan et al., 2021). Antimicrobial pep-
tides (AMPs) serve as suitable blueprints for an alternative class of
potential therapeutics. Among the three major industrial enzyme
groups, microbial proteases stand out, representing approximately
65% of the total enzyme sales across the globe. Bacterial subtilisin,
primarily derived from Bacillus subtilis, constitute a significant
group of enzymes. Among these, the subtilisin (EC 3.4.21.14) fam-
ily, which is generated by diverse Bacillus species, is the second-
highest domain belonging to the S8 superfamily of serine pro-
teases. In recent studies, patent researches focusing on novel
wild-type subtilisin have gained attention. Notably, the patent lit-
erature highlights the suitability of subtilisin derived from Bacillus
sp. for different applications. The ability of thermo-stable halo-
alkaline protease to eliminate blood stains, indicated that the pro-
tease under investigation had the potential to serve as an additive
in detergent formulations in industries (Asitok et al., 2022). Incor-
porating alkaline serine proteases into procedures such as soaking
and dehairing presents a more eco-conscious choice for the leather
industry, standing as a greener substitute when compared to con-
ventional techniques. Moreover, crude formulations possessing
elastolytic characteristics yield leather of relatively high quality,
featuring the desired attributes of strength, suppleness, and tex-
ture, all achieved within a shorter timeframe (Matkawala et al.,
2021). Conversely, within the realm of microbial fibrinolytic
enzymes, subtilisin has garnered significant medical attention in
recent years and it is seen as a potential candidate for thrombolytic
therapy (Gulmez et al., 2018). The outcomes of the research con-
tribute significantly to the advancement of highly efficient recom-
binant subtilisin from Bacillus subtilis, showcasing enhanced
catalytic properties, antibacterial, antioxidant and anticancer attri-
butes. This progress positions subtilisin as an attractive candidate
for potential therapeutic applications in healthcare sector which
is recently reported (Shettar et al., 2023). In the dairy industry,
enzymes such as proteases are employed in cheese manufacturing.
Their fundamental role involves breaking down peptide bonds to
produce macro peptides in conjunction with casein. It also has
the ability to modify the flavours used in food sector (Naveed
et al., 2021). Various Bacillus species produce a number of popular
nattokinase/subtilisin enzymes such as, Bacillus subtilis, Bacillus
licheniformis, Bacillus amylosacchariticus and Bacillus amyloliquefa-
ciens (Modi et al., 2023). Ever since the first identification of subtil-
isin Carlsberg, an alkaline protease derived from B. licheniformis is
widely used in the detergent industry. Numerous alkaline pro-
teases from various sources like B. circulans DZ100 (Benkiar et al.,
2013), Geobacillustoebii Strain LBT 77 (Thebti et al., 2016), Aeribacil-
lus pallidus (Mechri et al., 2017; Yildirim et al., 2017), B. lentus, B.
clausii and B. alkalophilus (Azrin et al., 2022) etc. have been thor-
oughly studied and investigated for an array of biotechnological
uses. (Salwan and Sharma, 2019). The temperature resistance of
2

subtilisin from Bacillus sp. has been thoroughly investigated,
renowned for its ability to withstand heat owing to their character-
istics as spore-forming microorganisms. They are mostly active at
neutral-mildly alkali pH (Azrin et al., 2022). Creating an ideal med-
ium is critical for increasing output and lowering expenses for pro-
duction, especially in terms of comprehending the significance and
remedial implications of the nattokinase protein as previously
described (Modi et al., 2023). A broad spectrum of agricultural left-
overs (such as wheat bran, rice bran, gram husk, and sugarcane
bagasse) and waste from industries (including oil cakes, whey,
and coffee pulp) are employed as suitable substrates for enzyme
production. Not only do these residues assist microbial cell prolif-
eration, but they also act as a nutrient reservoir, delivering essen-
tial elements for their development (Matkawala et al., 2021, 2019).
Subtilisin can be harnessed to disintegrate proteinaceous and stub-
born biowastes of frozen fish encountered in ecology and the bio-
wastes are transformed into valuable products such as protein
hydrolysates and chitinous materials, which find applications in
various other industries (Azrin et al., 2022). Utilizing agro-food
residue and in situ enzyme synthesis as part of a biorefining tech-
nique, when compared to present industrial techniques that entail
hefty substrates, the operational expenses of the bioprocess could
be significantly lowered. This approach not only helps in reducing
waste disposal problems but also creates a sustainable and cost-
effective solution for enzyme production. Additionally, it con-
tributes to the overall goal of promoting a circular economy and
minimizing the environmental impact of agro-waste (Sharma
et al., 2022). Emerging research on nanoparticles have garnered
significant interest due to their extensive utilization across diverse
industries, including agriculture, medicines, consumer goods,
power, transportation, skincare products, and, perhaps most signif-
icantly, as antimicrobial compounds (Li et al., 2017). Factors such
as metal ion concentration, temperature, concentration, reaction
time and solvent type play an indispensable part in defining the
antimicrobial capabilities of nanoparticles (Mba and Nweze, 2021).

Nevertheless, not many studies have been reported on the pro-
duction of subtilisin using B. subtilis strain with insights on its
nanoparticle behavior and its biological activities. In the current
study, subtilisin production using agro-wastes was executed and
to enhance its yield statistical optimization employing central
composite design-response surface methodology (CCD-RSM) was
carried out that revealed a 7.67-fold enhancement of subtilisin.
Subtilisin-capped silver and zinc oxide nanoparticles were synthe-
sized and assessed for biological activities like antibacterial,
antioxidant and anticancer. The capped-nanoparticles were stud-
ied for its structural behavior using various analytical techniques
like Fourier transform infrared spectroscopy (FTIR), Scanning elec-
tron microscopy (SEM) with energy dispersive X-ray Spectroscopy
(EDS) analysis, Thermogravimetric analysis (TGA), Atomic Force
Microscopy (AFM) and X-Ray Diffraction (XRD). The present study
has brought forward remarkable and impressive biological activi-
ties and nanoparticle behaviour with subtilisin prompting it to
explore its potentiality in applications of healthcare.
2. Materials and methods

2.1. Chemicals and microbial cultures

The components that were utilized in this present investigation
were: purchased from Merck and Co. Inc. (USA) and Sigma-Aldrich
Pvt Ltd. (USA). Raw agricultural waste was procured from locally
available industries. The pathogenic strains utilized in the antibac-
terial studies, including Pseudomonas aeruginosa (MTCC 2297), Sal-
monella typhimurium (MTCC 98), Bacillus licheniformis (MTCC
429 T), Bacillus cereus (NCIM 2217), Escherichia coli (MTCC 443)
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and Staphylococcus aureus (MTCC 737) were obtained from the
National Collection of Industrial Microorganisms (NCIM), Pune
and Microbial Type Culture Collection and Gene Bank (MTCC),
Chandigarh. Anticancer studies were conducted using breast can-
cer MCF-7 cell lines.
2.2. Isolation, screening and gene sequencing of subtilisin producer

As subtilisin falls within the serine protease family, initially
protease producing bacterial culture was isolated from marine soil
collected from Karwar regions, Karnataka, India. Serial dilution and
plating on case in supplemented nutrient agar medium supple-
mented with (g/L) peptone 5; yeast extract 1.5; Nalco 5; beef
extract 1.5; casein 10 and agar 20 (pH 9.0) were used to isolate
the bacterial strain. To generate distinguished bacterial colonies,
plates were left to incubate at 35 ± 2 �C. The cultures showing clear
halo were regarded as positive for protease production and puri-
fied by sequential streaking. The prominent pure cultures were
subsequently examined and further screened on a skim milk agar
plate having (g/L) skim milk 20; glucose 10 and agar 20 (pH 9.0)
followed by incubation at 35 ± 2 �C to obtain clear zones. The ratio
of clear zone was calculated (Alahdal et al., 2022; Hakim et al.,
2018) and the potential strain showing highest zone was selected
as protease producer for the present study. The single culture
had been kept at 4 �C on a nutrient agar slant with frequent sub-
culturing. The strain ZK3 that was isolated was discovered using
previously established techniques of 16S rRNA gene sequencing
(Bagewadi et al., 2020a). In a concise manner, genomic DNA was
extracted from the selected culture and amplified using primers
specific to the 16S rRNA gene, namely, 704F and 907R employing
Veriti� 96-well Thermal Cycler (Model No. 9902 Applied Biosys-
tems, USA) to obtain an identifiable polymerase chain reaction
(PCR) amplicon band. The details of the PCR reaction is summa-
rized in the previous report (Bagewadi et al., 2022). Post purifica-
tion of PCR product, it underwent sequencing using BDT v3.1
Cycle Sequencing Kit on ABI 3730xl Genetic Analyser, Applied
Biosystems, USA. The sequences were aligned and analyzed for
similarity by using the NCBI (National Center for biotechnology
information) BLAST tool and ClustalW multiple aligner. RDP (the
Ribosomal Database Project) database (https://rdp.cme.msu.edu)
was adopted to create a distance matrix. MEGA 11 software was
used to generate the phylogenetic tree using the neighbor-
joining approach to find the closest affiliated strains (Bagewadi
et al., 2020b).
2.3. Subtilisin production from isolated bacterial culture

The potential protease producer ZK3 strain was employed for
production of subtilisin. Strain ZK3 inoculum was prepared by
transferring a culture loop in 50 mL nutrient broth (pH 9.0) sup-
plemented with 1% casein followed by 24 h incubation at
35 ± 2 �C at 200 rpm in a rotating shaker (Scigenic biotech, India).
A 5% inoculum had been dissolved into 100 mL of subtilisin pro-
duction medium containing (g/L) casein 10; NH4Cl 1; NaCl 1;
KH2PO4 0.8; K2HPO4 0.6; MgSO4 0.5 and yeast extract 0.2 (pH
9.0) in 250 mL Erlenmeyer flask (Abdullah Al-Dhabi et al., 2020;
Asitok et al., 2022; Wehaidy et al., 2020). The flask was incubated
for 5 days (35 �C, 200 rpm). Samples (bacterial culture) were har-
vested at a regular period of every 24 h. To remove cell debris,
the samples were spun down for a duration of 10 min at
10,000 revolutions (rpm) (4 �C), and the resulting liquid which
is called as supernatant, served as the source of subtilisin for
the experiment.
3

2.4. Analytical measurements

2.4.1. Subtilisin activity
Subtilisin activity was measured using the synthetic peptide (N-

Suc-F-A-A-F-pNA) (catalog number S2628, Sigma Aldrich). The
reaction was set up by incubating a mixture (200 lL) consisting
of enzyme solution (30 lL), synthetic (chromogenic) peptide
(30 lL), and 20 mM Tris-HCl (pH 7.4) (140 lL) for 30 min at
37 �C. UV–Visible spectrophotometry at 405 nm was used for eval-
uating the quantity of emitted p-nitroaniline. Under standard assay
conditions, the quantity of enzyme releasing 1 lmol of p-NA per
minute defines one unit of enzymatic activity on a synthetic pep-
tide. (Couto et al., 2022; Mechri et al., 2022).

2.4.2. Determination of protein content
BCA protein assay kit was used to assess the overall soluble pro-

tein concentration (mg) of subtilisin (Bagewadi et al., 2017a) with
standard bovine serum albumin. In triplicate, measurements were
taken, and the results were reported as mean ± standard deviation.

2.5. Optimization of subtilisin by OFAT

2.5.1. Effect of raw carbon sources on subtilisin production
Carbon sources are believed to have a substantial influence on

growth, enzyme production and metabolism of bacteria. Several
raw carbon sources such as, molasses (M), wheat bran (WB), sweet
sorghum bagasse (SSB) and custard apple seed powder (CASP) (1%
w/v) were evaluated for the production of subtilisin (U/mL). Sweet
sorghum stalks were collected, washed and processed to remove
the juice. The obtained bagasse was dried and powdered to obtain
SSB. Similarly, custard apple seeds were collected washed, dried
and powdered to get CASP, M, WB, SSB and CASP (1% w/v) were
supplemented in the subtilisin production medium as described
above containing glucose (1% w/v). Production medium containing
glucose (1% w/v) served as control. For three days, the production
was processed at 35 �C and 200 rpm. All investigations were per-
formed in triplicates in a monitored environment. The collected
samples were examined to determine subtilisin activity (U/mL)
as described above.

2.5.2. Effect of raw nitrogen sources on subtilisin production
In the preliminary study, a one-factor optimization method

was utilized to test various nitrogen sources. To find out how dif-
ferent nitrogen sources affect subtilisin synthesis, agricultural
waste materials such as oil cakes of groundnut, mustard and saf-
flower were available locally, and incorporated in production
media as described above containing glucose (1% w/v). Production
medium containing 1% glucose was served as control. The pro-
duction was conducted with incubation at 35 �C and 200 rpm
for a duration of 3 days. All the experiments were performed in
triplicates in a controlled setting. As described above, samples
were harvested and analyzed for subtilisin activity (U/mL)
(Elumalai et al., 2020).

2.6. Plackett-Burman design (PBD) analysis of key variables
influencing subtilisin production

The significant factors affecting subtilisin production were
screened using Plackett-Burman Design (PBD). Drawing on the ini-
tial assessment of raw carbon and nitrogen sources, a PBD of 12
experimental runs was designed using Minitab 17 statistical soft-
ware. Experiments constituted at two different levels: high (+1)
as well as low (-1) for all the 10 variables namely, casein (X1), NH4-
Cl (X2), NaCl (X3), KH2PO4 (X4), K2HPO4 (X5), MgSO4 (X6), yeast
extract (X7), glucose (X8), mustard oil cake (X9) and CASP (X10).
Experiments were set at pH 9 and 35 �C for 3 days in triplicates.

https://rdp.cme.msu.edu
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The PBDmatrix, encompassing actual and coded values of variables
along with respective experimental responses are indicative in
Table 1. The yield (response) demonstrates the average subtilisin
production (U/mL). Y denotes the outcome of the experiment
response, which was derived from the first-order polynomial
model equation (Bagewadi et al., 2018).
2.7. Subtilisin optimization by response surface methodology (RSM)

Based on the findings of PBD, five levels (–a, –1, 0, +1 and + a)
CCD of response surface methodology (RSM) was employed for
optimization of four significant factors namely, glucose (A), mus-
tard oil cake (B), CASP (C) and casein (D) using Minitab 17 statisti-
cal software. The experimental process parameters were set at pH
9, 35 �C for 3 days. For the relevant factors, five levels were estab-
lished, and other medium components were believed to be con-
stant. Each experimental run was executed in replicates. The
CCD-RSM design matrix with mean results (subtilisin yield U/mL)
represented as Y are depicted in Table 3. The relationship among
the coded and actual values of variables is derived from the previ-
ously reported equation (Bagewadi et al., 2017b). The mean
response was resultant from the second-order polynomial quadra-
tic Eq. (1) as represented below:
Y ¼ b0 þ b1Aþ b2Bþ b11A
2 þ b22B

2 þ b12AB ð1Þ
Here, Y depicts the calculated average response, b0 b0 is the

model’s intercept, b1 b1 and b2 b2 are linear term coefficients,
b11and b22 are coefficients for second-order terms and b12 is the
coefficient of interactions among A and B.

Furthermore, the three-dimensional interaction surface plots
show how the factors interact with one another. The analysis of
variance, also known as ANOVA, determines the importance of
the model variables and their relationship with the anticipated
response. The Fisher’s ’F’ value and probability ’p’ are used to calcu-
late the model’s significance and the accuracy of the model is
indicative from the coefficient of determination R2 and adjusted
R2. Following the experimentation, the developed model was vali-
dated furthering replicates with optimized variable conditions and
other process parameters were set at pH 9, 35 �C for 3 days as men-
tioned above.
Table 1
Plackett-Burman design matrix for evaluating important elements influencing subtilisin p

Run
No.

X1Casein
(%)

X2

NH4Cl
(%)

X3NaCl
(%)

X4

KH2PO4

(%)

X5

K2HPO4

(%)

X6

MgSO4

(%)

X7Yea
(%)

1 (+1)3 (�1)0.1 (+1)0.3 (�1)0.08 (�1)0.06 (�1)
0.05

(+1)0

2 (+1)3 (+1)0.3 (�1)0.1 (+1)0.24 (�1)0.06 (�1)
0.05

(�1)0

3 (�1)1 (+1)0.3 (+1)0.3 (�1)0.08 (+1)0.18 (�1)
0.05

(�1)0

4 (+1)3 (�1)0.1 (+1)0.3 (+1)0.24 (�1)0.06 (+1)0.15 (�1)0
5 (+1)3 (+1)0.3 (�1)0.1 (+1)0.24 (+1)0.18 (�1)

0.05
(+1)0

6 (+1)3 (+1)0.3 (+1)0.3 (�1)0.08 (+1)0.18 (+1)0.15 (�1)0
7 (�1)1 (+1)0.3 (+1)0.3 (+1)0.24 (�1)0.06 (+1)0.15 (+1)0
8 (�1)1 (�1)0.1 (+1)0.3 (+1)0.24 (+1)0.18 (�1)

0.05
(+1)0

9 (�1)1 (�1)0.1 (�1)0.1 (+1)0.24 (+1)0.18 (+1)0.15 (�1)0
10 (+1)3 (�1)0.1 (�1)0.1 (�1)0.08 (+1)0.18 (+1)0.15 (+1)0
11 (�1)1 (+1)0.3 (�1)0.1 (�1)0.08 (�1)0.06 (+1)0.15 (+1)0
12 (�1)1 (�1)0.1 (�1)0.1 (�1)0.08 (�1)0.06 (�1)

0.05
(�1)0

The mean ± standard deviation of triplicates is employed to represent each experiment

4

2.8. Production kinetics of subtilisin

The designed optimized media conditions were employed for
the analysis of subtilisin production kinetics over a period of 4 days.
Independent production flasks were set up while samples were
collected at 24-hour intervals for assessment. Subtilisin production
(U/mL), cell biomass (OD at 660 nm), protein (mg) and residual
substrate (reducing sugar) (mg/mL) were estimated. The reducing
sugar content in the fermentation mixture was determined using
the DNS (Dinitrosalicylic acid) technique by Bagewadi et al.
(2016). In a nutshell, 1.0 mL of sample was spun (10,000 rpm,
15 min, 4 ℃) and 2.0 mL of DNS solution was then supplemented.
The reaction was performed in a controlled boiling water bath at
100 ℃. An UV–Visible spectrophotometer was utilized to measure
the colored product at 540 nm. D-glucose was used as standard, all
the estimation were performed in triplicates, and data is repre-
sented as mean ± SD.

2.9. Synthesis of subtilisin capped silver and zinc oxide nanoparticles

Subtilisin capped silver nanoparticles (AgNP) were synthesis
according to method described by Sidhu and Nehra (2021). Briefly,
5 mM, 10 mM and 50 mM solution of silver nitrate was prepared
with constant stirring on magnetic stirrer. Subtilisin (0.5 mL) and
silver nitrate (4.5 mL) were incorporated and incubated at ambient
temperature for 30 min while exposed to UV radiation followed by
microwave heating for 30 sec. UV–Vis Spectroscopy was used to
determine the wavelength of AgNP solution. Collected AgNP were
separated by spinning at 10,000 revolutions per minute for ten
minutes and dried for further characterization.

Zinc oxide nanoparticles (ZnONP) were synthesised with subtil-
isin by following reaction consisting of 10 mM 700 lL of zinc acet-
ate dehydrate mixed with 300 lL of subtilisin and reaction was
incubated at 55 �C for 15 min followed by incubation at ambient
temperature for 4 h. UV–Vis spectrophotometric measurements
were recorded for a period of 24 h to determine the characteristic
spectrum of ZnONP. The obtained precipitate was spun down at
10,000 rpm for 10 min. The recovered precipitate was air-dried
in a hot air oven at 50 �C until 24 h and kept for subsequent anal-
ysis (Alahdal et al., 2022). The subtilisin capped AgNP and ZnONP
synthesized with subtilisin were evaluated for biological
properties.
roduction.

st extract X8

Glucose
(%)

X9

Mustard oil cake
(%)

X10

CASP
(%)

Subtilisin production
yield (U/mL)

Experimental Predicted

.06 (+1)3 (+1)3 (�1)1 39.5090 ± 0.8 39.6471

.02 (+1)3 (+1)3 (+1)3 55.0100 ± 0.6 54.8719

.02 (�1)1 (+1)3 (+1)3 36.7000 ± 1.2 36.8381

.02 (�1)1 (�1)1 (+1)3 34.0740 ± 1.0 34.2121
.06 (�1)1 (�1)1 (�1)1 27.9890 ± 0.5 28.1271

.02 (+1)3 (�1)1 (�1)1 33.6120 ± 0.2 33.4739
.06 (�1)1 (+1)3 (�1)1 28.0471 ± 0.7 27.9090
.06 (+1)3 (�1)1 (+1)3 35.7100 ± 1.4 35.5719

.02 (+1)3 (+1)3 (�1)1 38.0099 ± 0.4 38.1480
.06 (�1)1 (+1)3 (+1)3 35.9000 ± 1.5 35.7619
.06 (+1)3 (�1)1 (+1)3 32.3000 ± 0.9 32.4381
.02 (�1)1 (�1)1 (�1)1 21.9600 ± 1.3 21.8219

al value. CASP = Custard Apple Seed Powder.
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2.10. Functional characterization of subtilisin capped silver and zinc
oxide nanoparticles

2.10.1. Antibacterial activity and minimum inhibitory concentration
(MIC)

The antibacterial capability of subtilisin and subtilisin capped
AgNP and ZnONP was investigated by agar-well diffusion tech-
nique against Gram positive (S. aureus, B. licheniformis and B. cer-
eus) and Gram negative (Escherichia coli, Salmonella typhimurium
and P. aeruginosa) pathogens. These pathogen cultures were pre-
pared in Luria broth (LB) media and treated overnight (37 �C).
Using Luria agar (LA) plates, the turbid culture mixture was inocu-
lated. Wells were created with sterile cork borer (6 mm) and
100 lL of respective samples (subtilisin, subtilisin capped AgNP
and ZnONP) were loaded in the wells and subjected for diffusion
at 4 �C (2 h). After incubating the plates overnight at 37 �C, the
measurement of the width of the region of inhibition which
extends transverse surrounding the wells was determined. Positive
control was cefixime (5 lg/mL). (Bagewadi et al., 2019).

The MIC of subtilisin and subtilisin capped AgNP (50 mM) and
ZnONP (50 mM) was carried out using the microbroth dilution
technique in compliance with the Clinical and Laboratory Stan-
dards Institute (CLSI) standards. The pathogenic cultures were pre-
pared in Mueller-Hinton broth and grown overnight (37 �C) under
shaking conditions (150 rpm) to obtain exponential growth phase.
The cultures were diluted to attain the desired cell concentration
(107 CFU/mL). Concentrations of the indicated sample subtilisin
(150, 75, 37.5, 18.75, 9.375 and 4.687 lg/mL) and subtilisin capped
AgNP and ZnONP in (50, 25, 12.5, 6.25, 3.125, 1.56 mM) concentra-
tions were prepared in sterilized deionized water. Sample concen-
trations were introduced to culture broths and cultured for 24 h at
37 �C. The inhibitory effect of subtilisin and subtilisin capped AgNP
and ZnONP on the pathogens was assessed by measuring the
absorbance (600 nm) spectrophotometrically. Negative control
represents un-inoculated broths and positive control represents
culture broth without addition of samples. MIC (lg/mL) refers to
the lowest concentration where no apparent growth was observed
(Amiri et al., 2022; Shettar et al., 2023).

2.10.2. Antioxidant activity
2.10.2.1. a, a-Diphenyl-b-picryl-hydroxyl (DPPH) radical scavenging
assay. The DPPH radical scavenging assays of subtilisin, subtilisin
capped AgNP (50 mM), and ZnONP (50 mM) were conducted using
the technique followed by Manikandan et al. (2021). Briefly, a reac-
tion of 1 mL of respective sample (subtilisin and subtilisin capped
AgNP and ZnONP) in a concentration range of 20–200 lg/mL and
1 mL of DPPH (0.135 mM) was incubated (25 �C) under dark con-
ditions for 30 min. The absorbed wavelength of the chemical reac-
tion was measured at 517 nm using UV–Vis spectrophotometer.
The scavenging activity percentage was calculated (Manikandan
et al., 2021) and ascorbic acid (1 mM) was used as standard.

2.10.2.2. 2,2-azino-bis-3-ethylenebenzothiozoline-6-sulfonic acid
(ABTS) assay. The ABTS scavenging activity of subtilisin and subtil-
isin capped AgNP (50 mM) and ZnONP (50 mM) was conducted
with the technique reported previously (Bagewadi et al., 2019).
ABTS and potassium persulfate were reacted for 16 h under dark
condition to obtain an absorbance of 0.70 at 734 nm. 0.5 mL
respective samples were mixed with 2 mL of ABTS solution, result-
ing in a total volume of 2.5 mL (subtilisin and subtilisin capped
AgNP and ZnONP) followed by incubation at 25 �C for 30 min.
The reaction’s absorbance was measured at 734 nm. The scaveng-
ing ability of respective samples (subtilisin and subtilisin capped
AgNP and ZnONP) in range of 12–60 h of time period was calcu-
lated (Ashokbhai et al., 2022). Butylated hydroxytoluene (BHT)
was employed as standard.
5

2.10.3. Anticancer activity assessment using 3- (4, 5-dimethylthiazol2-
yl) � 2,5-diphenyltetrazolium bromide (MTT) assay

The MTT procedure was carried out to assess the impact of sub-
tilisin and subtilisin capped AgNP and ZnONP on the viability of
breast cancer cell line MCF-7in-vitro. To do this, 5000 cells/well
of the cancer cells were planted in a 96-well microplate and were
incubated for 24 h. To treat the cells, various doses of subtilisin and
subtilisin capped AgNP and ZnONP were utilized, for 48 h, with the
range of concentrations being from 6.25 to 200 lg/mL. The med-
ium was withdrawn after the treatment, and the cells underwent
washing with phosphate-buffered saline (PBS). The cells were then
treated for 4 h with MTT (0.5 mg/mL) added to each well. Dimethyl
sulfoxide (DMSO) was used to dissipate the formed formazen crys-
tals, and the wavelength of absorption at 570 nm was measured
using a microplate reader (BioTek Epoch 2 microplate spectropho-
tometer). The cells that received no exposure to the aforemen-
tioned substances were termed the control group, as they had
100% cell viability. Connecting the absorbance of the treated cells,
evaluated their cell survival. Doxorubicin was used as the standard
drug. All treatments were conducted in triplicate (Thankappan
et al., 2021).

2.11. Analytical characterization of subtilisin-capped silver and zinc
oxide nanoparticles

2.11.1. Fourier transform infrared spectroscopy (FTIR) analysis of
subtilisin capped nanoparticles

To examine the capping agents present on the surface of subtil-
isin capped AgNP and ZnONP through FTIR inspection, the samples
were grounded into powder. The FTIR examination of the dried and
grounded powder was performed using FTIR Spectrometer Nicolet,
5700 instrument using potassium bromide (KBr) pellet method,
which operated under the following conditions: a spectral range
of 4000–400 cm�1, and a resolution of 1.0 cm�1 (Bagewadi et al.,
2020b; Manikandan et al., 2021).

2.11.2. Scanning electron microscopy (SEM) with energy dispersive X-
ray (EDS) analysis of subtilisin capped nanoparticles

To study the shape and physical properties of the subtilisin
capped AgNP and ZnONP, a Scanning Electron Microscope (SEM)
coupled with Energy Dispersive X-ray spectroscopy (EDS) (JEOL
make, JSM-IT500L) was utilized. SEM examination was performed
on an individual drop of the sample, and the elemental composi-
tion of the sample was assessed using an EDS (Bagewadi et al.,
2020a; Jeyabharathi et al., 2022; Özbek and Ünal, 2017).

2.11.3. Thermogravimetric analysis (TGA) of subtilisin capped
nanoparticles

To assess the thermostability of the subtilisin capped AgNP and
ZnONP, TGA analysis was performed using a SDT-Q600 instrument.
The powdered nanoparticle sample was subjected to heating in a
nitrogen-controlled environment, with a thermal rate of 10 �C/
min, in the temperature that varied between 25 and 800 �C
(Bagewadi et al., 2020b; Özbek and Ünal, 2017).

2.11.4. Atomic force microscopy (AFM) analysis of subtilisin capped
nanoparticles

The particle topography of subtilisin capped AgNP and ZnONP
were visualized with an Atomic Force Microscope (AFM) (Nano-
surf, Switzerland). A 10 lL drop of nanoparticles was spotted on
a glass slide and a thin film was smeared. This was allowed to air
dry for few minutes. A piezoelectric scanner was used to mount
the sample, which was then scanned using a silicon nitride can-
tilever in contact mode to examine its surface. The micrographs
were interpreted using Easyscan 2 software (Guilger-Casagrande
et al., 2021; Prabhawathi et al., 2019).
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2.11.5. X-ray diffraction analysis of subtilisin capped nanoparticles
X-ray Diffraction was utilized to investigate the crystallographic

properties of subtilisin-capped nanoparticles using the Smart Lab
SE in the 2h range of 20–90◦ at 40 kV and current of 30 mA with
Cu Ka radiation (Alahdal et al., 2022; Sidhu and Nehra, 2021).

2.12. Statistical analysis

All tests and activities were executed in triple quantities, and
the values are presented in the form of mean ± standard deviation
(SD). The bars displaying errors in each figure indicate the standard
deviation (SD), which was determined in Excel, a spreadsheet
program.

3. Results

3.1. Screening and molecular characterization of subtilisin producer

The current study reveals isolation of a novel bacterial strain
from marine soil from Karwar region, Karnataka, India. The poten-
tial isolate ZK3 was isolated using serial dilution technique with
0.9% saline followed by spread plate method on nutrient agar
plates. The isolated colony was picked and inoculated into nutrient
broth followed by incubation for 24 h at 37 ℃. Post incubation, the
culture was checked for purity by Gram’s stain method to be iden-
tified as Gram-positive bacteria with rod shaped morphology. The
pure isolate was tested predominantly on casein agar plate show-
ing highest inhibition zone which proves to be capable of produc-
ing proteolytic activity. The zone of hydrolysis around the colony
depicted the hydrolysis activity of casein as depicted in Fig. S1 in
SI. The potential pure variant ZK3 underwent molecular analysis
using 16S rRNA gene sequencing and was determined by building
Fig. 1. Phylogenetic tree using neighbor-joining method depicting the position of strain
OQ300503.1) based on 16 s rRNA sequence and accession in the braces, with sequences
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an evolutionary tree using MEGA software v11. Fig. 1 represents
the evolutionary structure of the newly discovered isolate of bacte-
ria ZK3, alongside the most closely related analogous sequences.
The designated strain was titled Bacillus subtilis strain ZK3 16S
ribosomal RNA gene partial sequence. The strain’s genetic
sequence with 1513 bp has been entered into the NCBI database
with a specific accession number OQ300503.1. The strain exhibited
a significant resemblance to other highly homologous species of B.
subtilis, as evidenced by its placement on the same branch within
the phylogenetic tree.
3.2. Subtilisin production and influence of raw carbon and nitrogen
sources

The synthesis of subtilisin (U/mL) was investigated from iso-
lated B. subtilis strain ZK3 employing the standard casein produc-
tion medium (control). The production was evaluated for 5 days
(data not shown) and maximum subtilisin production of 9.5 U/
mL (control) (Fig. 2A) was obtained on 3rd day with protein con-
tent of 0.12 mg/mL. It is commonly acknowledged that microor-
ganisms typically flourish in solutions with isotonic properties.
The findings indicated a moderately saline (NaCl) environment
could significantly aid in the production of subtilisin. It has been
documented that organic nitrogen sources like yeast extract also
encompass a carbon element. This carbon presence notably fosters
cell growth and the production of polysaccharides (Kumari et al.,
2023). Magnesium is a vital element for the growth and division
of bacterial cells (Wehaidy et al., 2020) while the utilization of
ammonium chloride as an inorganic nitrogen source hinders the
production of proteinase (Rozanov et al., 2021). Different types of
raw carbon sources (M, WB, SSB and CASP) were assessed for their
effect on the subtilisin production. Pronounced effect of CASP was
ZK3 (B. subtilis strain ZK3 16S ribosomal gene partial sequence; Accession number:
from NCBI.
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Fig. 2. Production and statistical optimization of subtilisin. Production of subtilisin
from B. subtilis strain ZK3 (A), Effect of raw carbon source on subtilisin production.
Data values reflect triplicate means, whereas the error bars indicate standard
deviation (B), Effect of raw nitrogen source on subtilisin production. Data values
reflect triplicate means, whereas the error bars indicate standard deviation (C), 3D
response surface plot revealing the interaction among glucose vs. CASP (D), glucose
vs. casein (E), mustard oil cake vs. casein (F), CASP vs. casein (G), affecting the
subtilisin production (U/mL). Results represent a significant interaction with
p < 0.05, Production kinetics of subtilisin production from Bacillus subtilis strain
ZK3 (H).

Fig. 2 (continued)
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evidenced with 20.97 U/mL and 0.17 mg/mL of protein (Fig. 2B) fol-
lowed by WB that showed 18.55 U/mL and 0.15 mg/mL of protein.
Except of molasses (8.2 U/mL), all the tested raw carbon had the
capability to induced subtilisin production. Moreover, with CASP
identified as the best and optimal carbon source, investigations
7

were conducted to explore the impact of different nitrogen sources
on subtilisin production. Carbon movement is controlled by both
the lipogenic pathway (related to the lipid component) and the
glycolytic pathway (related to the hydrophilic component). Both
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of these pathways are restricted by the metabolic processes of
microorganisms (Kumari et al., 2023). Amongst all three raw nitro-
gen sources evaluated (oil cakes of groundnut, mustard and saf-
flower), mustard oil cake generated the most subtilisin of 35.18
U/mL and 0.20 mg/mL of protein (Fig. 2C) followed by groundnut
oil cake (28.08 U/mL) that also showed better effect. Safflower oil
cake did not produce any much significant effect.
3.3. Investigation of significant factors influencing subtilisin
production by PBD

The variables involved in the production of subtilisin by B. sub-
tilis strain ZK3 were screening using PBD. The measured and antic-
ipated yields (subtilisin production U/mL) of 12 experimental runs
as responses are displayed in Table 1. Run no. 2 in the designed
matrix reflects maximum production of 55 U/mL with casein, CASP,
mustard oil cake, glucose, NH4Cl and KH2PO4 present at high level
(+1). The variability in the yields ranging from 21.96 to 55U/mL
across the experimental runs could be attributed to the differences
in the combinations of levels at which each variable is present.
ANOVA represented in Table 2 shows significant (probability ‘p’<
0.05) positive effect of glucose (8.247), mustard oil cake (7.9), CASP
(6.7) and casein (5.5) on subtilisin production. There is strong cor-
relation observed for experimental and anticipated yields with
coefficient of determination R2 of 99.97% and 97.65% for experi-
mental and predicted responses respectively that suggests good fit.

Equation 2 represents the regression analysis of first-order
model.
Table 2
Examining Plackett-Burman Design for Subtilisin Production: Analysis of Variance.

Source Coefficient Effect Degree of freedom

Model 10
Constant 34.902
X1 -Casein 2.781 5.561 1
X2 -NH4Cl 0.708 1.416 1
X3 -NaCl �0.293 �0.586 1
X4 -KH2PO4 1.572 3.143 1
X5 -K2HPO4 �0.248 �0.497 1
X6 -MgSO4 �1.245 �2.489 1
X7 -Yeast extract �1.659 �3.318 1
X8 -Glucose 4.123 8.247 1
X9 -Mustard oil cake 3.961 7.922 1
X10 -CASP 3.381 6.761 1
Residual error 1
Total 11

R2 = 99.97%; Adjusted R2 = 97.65%; F Fisher’s function; Probability * (p < 0.05) correspo
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Y ¼ 34:902þ 2:781X1 þ 0:708X2 � 0:293X3 þ 1:572X4

� 0:248X5 � 1:245X6 � 1:659X7 þ 4:123X8 þ 3:961X9

þ 3:381X10 ð2Þ

Y is the predicted response and all the variables from X1-X10 are
the coded forms of variables namely, casein, NH4Cl, NaCl, KH2PO4,
K2HPO4, MgSO4, yeast extract, glucose, mustard oil cake and
CASP.

The selection of variables for further optimization design by
CCD-RSM was based on the assessment of PBD.

3.4. Optimization of subtilisin production by CCD-RSM

The designed matrix of CCD-RSM constituted of 31 experiments
with four variables namely glucose (A), mustard oil cake (B), CASP
(C) and casein (D) at five defined levels. Table3 displays the levels
of defined variables and experimental and predicted responses
(subtilisin production U/mL). The responses were observed ranging
from 28.2 to 70.5 U/mL and maximum production (70.5 U/mL) was
seen with variables situated at central value‘00. Table 4 presents
the ANOVA with 31.73 ‘F’ value and significant model design. The
linear variables namely, glucose, mustard oil cake and CASP, square
terms and 2-way effects of glucose *CASP, glucose *casein, mustard
oil cake*casein and CASP*casein were found to be significant for
subtilisin production under the designed space. The coefficient of
determination R2 were 96.52% and 93.48% respectively for
observed and predicted responses. There is a fair match between
observed and expected responses in the present design and the
model’s adequacy for the current evaluation is depicted by a neg-
ligible lack of fit. Equation 3 for the second order polynomial model
is demonstrated below.

Y ¼ 69:82þ 11:79Aþ 3:7Bþ 2:86C� 5:49A2 � 4:64B2

� 5:76C2 � 3:25D2 þ 3:12AC� 1:98ADþ 3:07BD

þ 3:47CD ð3Þ
Where, Y indicates defined response (subtilisin production U/

mL), A, B, C and are the coded values of glucose, mustard oil cake,
CASP and casein respectively.

The significant interactions among the variables were evaluated
by response surface plots demonstrated in Fig. 2D–G. The interac-
tion among glucose and CASP was significant; Fig. 2D. Depicts ele-
vation in subtilisin production with increased glucose
concentration up to central value of 3% followed by decline at
higher concentration and CASP of 3.5% was evidenced to produce
maximum subtilisin. Fig. 2E. Reflects maximum production at 3%
glucose and 3.5% casein above which decline was seen. Significant
Sum of squares Mean squares F value p value

711.263 71.126 310.79 0.044*
0.003*

92.780 92.780 405.40 0.032*
6.014 6.014 26.28 0.123
1.031 1.031 4.50 0.280

29.638 29.638 129.51 0.056
0.740 0.740 3.23 0.323

18.588 18.588 81.22 0.070
33.037 33.037 144.35 0.053

204.029 204.029 891.50 0.021*
188.266 188.266 822.63 0.022*
137.140 137.140 599.23 0.026*

0.229 0.229
711.492

nds to significance; CASP = Custard Apple Seed Powder.



Table 3
Central composite design of response surface approach design matrix of subtilisin producing factors.

Run No. A Glucose (%) B Mustard oil cake (%) C CASP (%) D Casein (%) Subtilisin production yield (U/mL)

Experimental Predicted

1 (�1)2.5 (�1)2 (�1)2.5 (�1)2.5 44.3 ± 0.8 39.6875
2 (1)3.5 (�1)2 (�1)2.5 (�1)2.5 60.4 ± 0.9 60.0958
3 (�1)2.5 (1)4 (�1)2.5 (�1)2.5 37.6 ± 1.1 43.1125
4 (1)3.5 (1)4 (�1)2.5 (�1)2.5 67.2 ± 0.2 65.3208
5 (�1)2.5 (�1)2 (1)3.5 (�1)2.5 32.5 ± 1.4 35.2958
6 (1)3.5 (�1)2 (1)3.5 (�1)2.5 69.2 ± 0.5 68.2042
7 (�1)2.5 (1)4 (1)3.5 (�1)2.5 31.6 ± 0.3 32.5708
8 (1)3.5 (1)4 (1)3.5 (�1)2.5 68.8 ± 1.6 67.2792
9 (�1)2.5 (�1)2 (�1)2.5 (1)3.5 28.2 ± 0.4 28.9958
10 (1)3.5 (�1)2 (�1)2.5 (1)3.5 41.2 ± 0.1 41.4542
11 (�1)2.5 (1)4 (�1)2.5 (1)3.5 42.5 ± 1.0 44.7208
12 (1)3.5 (1)4 (�1)2.5 (1)3.5 62.5 ± 1.3 58.9792
13 (�1)2.5 (�1)2 (1)3.5 (1)3.5 35.4 ± 0.4 38.5042
14 (1)3.5 (�1)2 (1)3.5 (1)3.5 69.7 ± 0.8 63.4625
15 (�1)2.5 (1)4 (1)3.5 (1)3.5 48.5 ± 0.7 48.0792
16 (1)3.5 (1)4 (1)3.5 (1)3.5 69.0 ± 0.9 74.8375
17 (�2)2 (0)3 (0)3 (0)3 29.2 ± 1.2 24.2667
18 (2)4 (0)3 (0)3 (0)3 67.0 ± 1.5 71.4333
19 (0)3 (�2)1 (0)3 (0)3 41.0 ± 0.9 43.8500
20 (0)3 (2)5 (0)3 (0)3 62.0 ± 0.6 58.6500
21 (0)3 (0)3 (�2)2 (0)3 40.0 ± 1.7 41.0167
22 (0)3 (0)3 (2)4 (0)3 54.0 ± 1.8 52.4833
23 (0)3 (0)3 (0)3 (�2)2 58.1 ± 0.9 58.3667
24 (0)3 (0)3 (0)3 (2)4 56.0 ± 0.3 55.2333
25 (0)3 (0)3 (0)3 (0)3 70.0 ± 0.5 69.8286
26 (0)3 (0)3 (0)3 (0)3 70.4 ± 0.2 69.8286
27 (0)3 (0)3 (0)3 (0)3 69.3 ± 1.0 69.8286
28 (0)3 (0)3 (0)3 (0)3 69.0 ± 1.1 69.8286
29 (0)3 (0)3 (0)3 (0)3 70.5 ± 0.4 69.8286
30 (0)3 (0)3 (0)3 (0)3 70.2 ± 0.3 69.8286
31 (0)3 (0)3 (0)3 (0)3 69.4 ± 0.7 69.8286

The mean ± standard deviation of triplicates is employed to represent each experimental value. CASP = Custard Apple Seed Powder.

Table 4
Analyzing Variance in subtilisin production using Central Composite Design of Response Surface Methodology.

Source Coefficient Degree of freedom Sum of squares Mean squares F value p value

Model 14 6595.77 471.13 31.73 0.000*
Constant 69.826
Linear 4 3877.56 969.39 65.28 0.000*
A-Glucose 11.7917 1 3337.04 3337.04 224.72 0.000*
B-Mustard oil cake 3.7000 1 328.56 328.56 22.13 0.000*
C-CASP 2.8667 1 197.23 197.23 13.28 0.002*
D-Casein �0.7833 1 14.73 14.73 0.99 0.334
Square 4 2113.20 258.30 35.28 0.000*
A2 -Glucose * glucose �5.4946 1 542.80 863.34 58.14 0.000*
B2 – Mustard oil cake * mustard oil cake �4.6446 1 416.39 616.89 41.54 0.000*
C2 -CASP * CASP �5.7696 1 850.64 951.92 64.10 0.000*
D2 – Casein * casein �3.2571 1 303.37 303.37 20.43 0.000*
2-way interaction 6 605.02 100.84 6.79 0.001*
AB- Glucose * Mustard oil cake 0.4500 1 3.24 3.24 0.22 0.647
AC- Glucose * CASP 3.1250 1 156.25 156.25 10.52 0.005*
AD- Glucose * Casein �1.9875 1 63.20 63.20 4.26 0.056*
BC- Mustard oil cake * CASP �1.5375 1 37.82 37.82 2.55 0.130
BD- Mustard oil cake * Casein 3.0750 1 151.29 151.29 10.19 0.006*
CD- CASP * Casein 3.4750 1 193.21 193.21 13.01 0.002*
Residual error 16 237.60 14.85 0.000a

Lack of fit 10 235.50 23.55 67.47
Pure error 6 2.09 0.35
Total 30 6833.37

R2 = 96.52%; Adjusted R2 = 93.48%; F Fisher’s function; Probability * (p < 0.05) corresponds to significance; pa corresponds to insignificance; CASP = Custard Apple Seed
Powder.
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interactions between 2%mustard oil cake and 3.5% casein revealed
maximum production (Fig. 2F). 2.5% CASP and 3.5% casein was
observed to induce maximum production and below and above a
steep decline was observed (Fig. 2G). The curvature of the response
plots aided to assess the most effective concentrations of the vari-
ables required for highest productivity. The optimized concentra-
9

tion obtained were 3% glucose, 2.5–3.5% CASP, 3.5% casein and
2% mustard oil cake. The experimental validations were conducted
in triplicates under the optimized conditions and 72.9 U/mL of sub-
tilisin production was obtained indicated a significant 7.67-fold
enhancement in the production after optimization. The designed
optimization process fitted the predicted response and authenti-
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cated the designed variables. The design confirms the enhance-
ment in subtilisin production significantly.

3.5. Subtilisin production kinetics

Subtilisin production (U/mL) kinetics from B. subtilis strain ZK3
was studied using the designed media obtained after optimization
over a period of 4 days. The kinetics profile of subtilisin production,
cell biomass, protein and reducing sugars are shown in Fig. 2H.
Subtilisin production ranged from 25 to 77 U/mL with maximum
production (77 U/mL) obtained on 3rd d. The residual substrate
(glucose) reduced from 3% to 0.07% on 4th d and glucose consump-
tion by the strain was substantially increased from 2nd d for cell
growth. The cell biomass increased to 2.95 on 3rd d and almost
remained static. Highest protein of 0.27 mg/mL was produced on
3rd d after which decline was evidenced. Kinetics revealed that
the maximum subtilisin production occurred on 3rd and this was
the optimum harvesting time.

3.6. Subtilisin-capped nanoparticle synthesis and characterization

The successful amalgamation of subtilisin from B. subtilis strain
ZK3 with varied concentrations of 5 mM, 10 mM and 50 mM silver
nitrate solution was proved by the alteration of the mixture’s
shade through light yellow to an intense brown. This was evi-
denced post-incubation and the mixed solution successfully facili-
tated the conversion of aqueous silver ions (Ag + ) into AgNP
through reduction. The observed change in suspension color served
as an initial indication of subtilisin-capped silver nanoparticle syn-
thesis. The presence and quantification of AgNP were validated
using a UV spectrophotometer. Upon exposure to UV radiation,
the recorded peak at 425 nm for 5 mM and 10 mM and 450 nm
for 50 mM confirmed the presence of AgNP, as their characteristic
range typically falls between 400 and 470 nm. The absorption
spectra are plot and displayed in the Fig S2 in SI. The existence
of unbound electrons within nanoparticles plays a role in generat-
ing a surface plasmon resonance (SPR) band. The coordinated
vibrations of the independent electrons found in the AgNP are
accountable for this band, which resonate with the incident light’s
fluctuating electric field.

ZnONP synthesis was initiated by introducing a 10 mM zinc
acetate solution to subtilisin. The reaction mixture underwent a
color change from the initial state to a yellowish color, eventually
resulting in the formation of a cream-colored precipitate. This
change in color was attributed to the occurrence of SPR in the
ZnONP, indicating the successful formation of ZnONP. Both the for-
mation of subtilisin-capped ZnONP and the reduction of Zn2+ ions
to ZnONP were monitored using UV–Visible spectroscopy. Mei’s
hypothesis suggests that if a synthesized nanoparticle has merely
one absorption peak in the UV–Vis spectra, it is likely to have a
spherical shape. The emergence of a large peak in the ultravio-
let–visible spectrum extending from 300 to 400 nm, indicates the
existence of zinc oxide nanoparticles. A substantial peak at
380 nm was identified in this investigation, demonstrating the
generation of zinc oxide nanoparticles in the combination (Fig S2
in SI). The presence of a narrow peak suggests a high degree of
homogeneity and uniformity in the synthesized zinc oxide
nanoparticles, indicating a well-controlled biosynthesis process.

3.7. Functional characterization of subtilisin capped silver and zinc
oxide nanoparticles

3.7.1. Evaluation of antibacterial activity and MIC
Antibiotic-resistant microorganisms are becoming increasingly

common, posing a severe danger to public health, as it limits the
effectiveness of existing treatment options. To combat this chal-
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lenge, the development of alternative antimicrobial agents is
essential. Naturally derived products, plant-based extracts,
nanoparticles, and peptides that inhibit microbes are used as active
components in the manufacture of affordable antimicrobial agents.
The antimicrobial activity of nanoparticles is attributed to multiple
mechanisms, including physical disruption of microbial mem-
branes, oxidative stress caused by the formation of reactive oxygen
species (ROS), interference with cellular signalling pathways and
disruption of essential metabolic processes. In the current study,
antibacterial efficiency and MIC of subtilisin and subtilisin-
capped AgNP and ZnONP were investigated against three Gram-
positive and Gram-negative pathogens respectively. The antibacte-
rial property of nanoparticles generated by biosynthesis was
demonstrated to be effective against all pathogens examined in
this study. Table 5 explains that subtilisin displayed maximum
clearance zone (mm) against B. licheniformis (17 ± 0.3 mm) and
E. coli (18 ± 0.9 mm) compared to B. cereus (13 ± 0.2 mm) and S.
aureus (15 ± 0.5 mm) for Gram-positive bacteria and P. aeruginosa
(16 ± 0.1 mm) and S. typhimurium (15 ± 0.4 mm) for Gram-negative
bacteria. Pronounced activity was evidenced for subtilisin-capped
AgNP 50 mM and ZnONP 50 mMwith the latter being highly inhib-
ited for B. licheniformis (23 ± 0.1 mm) and E. coli (25 ± 0.6 mm)
respectively. B. cereus showed slight lower inhibition for the
capped nanoparticles. The impact of the capped nanoparticles on
the growth of each tested pathogen was unique and differs from
one organism to another. The observed suppression of pathogen
development implies that silver ions were released from the metal-
lic nanoparticles (AgNP). Subtilisin acts as a bio-control agent,
facilitating the diffusion of silver ions through the solidified agar
layer, thereby impeding the proliferation of pathogenic popula-
tions in the agar medium. The positive control, cefixime, exhibited
zones of inhibition ranging from 15.2 ± 0.4 to 27.6 ± 0.7 mm, as
shown in Table 5.

Table 6 shows the summary of MIC of subtilisin and subtilisin-
capped AgNP and ZnONP against Gram-positive and Gram-
negative pathogens. It was performed using the standard micro-
broth dilution method by following CLSI guidelines. Among all
the pathogens, capped ZnONP depicted lowest MIC of 3.125 mM
against two pathogens namely B. cereus and B. licheniformis proving
it to be excellent antibacterial agent. AgNP has also shown similar
MIC against B. licheniformis. This reveals that the subtilisin-capped
nanoparticles have enhanced the antibacterial effect when com-
pared to the effect of the protein alone.

3.7.2. Assessment of antioxidant activity
The presence of antioxidants in nanoparticles provides notable

advantages by shielding against oxidative stress, amplifying thera-
peutic effectiveness, conserving bioactive substances, fostering
skin well-being, safeguarding the ecosystem, lessening cellular
toxicity, and facilitating applications in biomedicine. Integrating
antioxidants into nanoparticles enhances their capacity across var-
ious sectors and fields in biomedicine, contributing to overall
health improvement and wellness. In the present research, the
antioxidant activity of subtilisin and subtilisin-capped AgNP and
ZnONP were studied using DPPH and ABTS radical scavenging
assays. Both methods used in this study were characterized by
their ease of use, rapidity, sensitivity and ability to produce excel-
lent results in assessing the radical scavenging activity of biosyn-
thesized nanoparticles. DPPH, an organic radical commercially
available, typically possesses a purple color. However, upon reduc-
tion, the purple color of DPPH fades, indicating the antioxidant
capacity of the substance being tested. The radical scavenging
activity of subtilisin and nanoparticles was dependent upon dose,
i.e., their % effectiveness increased as the drug concentration rose.
The scavenging activity ranged from 18 to 65% for subtilisin with
25–150 lg/mL concentration range showing highest at 150 lg/



Table 5
Antibacterial activities of subtilisin and subtilisin capped AgNP and ZnONP against Gram-positive and Gram-negative pathogens.

AMA Gram positive bacterial strains Gram negative bacterial strains

Bacillus
cereus

Staphylococcus
aureus

Bacillus
licheniformis

Pseudomonas
aeruginosa

Escherichia
coli

Salmonella
typhimurium

Inhibition zone diameter
(mm ± SD)

Subtilisin 13 ± 0.2 15 ± 0.5 17 ± 0.3 16 ± 0.1 18 ± 0.9 15 ± 0.4
AgNP
10 mM

11 ± 0.5 12 ± 0.2 15 ± 0.8 15 ± 0.2 13 ± 0.8 14 ± 0.6

AgNP
50 mM

18 ± 0.7 22 ± 0.6 20 ± 0.4 17 ± 0.5 19 ± 0.5 18 ± 0.8

ZnONP
10 mM

12 ± 0.9 9 ± 0.2 13 ± 0.6 14 ± 0.9 17 ± 0.7 16 ± 1.1

ZnONP
50 mM

21 ± 0.1 20 ± 0.3 23 ± 0.1 22 ± 1.0 25 ± 0.6 21 ± 0.3

Cefixime 20.3 ± 0.6 15.2 ± 0.4 27.6 ± 0.7 15.6 ± 0.9 18.9 ± 0.7 15.2 ± 0.5

Table 6
Minimum inhibitory concentration (MIC) of subtilisin and subtilisin capped AgNP and ZnONP.

MIC Gram positive bacterial strains Gram negative bacterial strains

Bacillus cereus Staphylococcus aureus Bacillus licheniformis Pseudomonas aeruginosa Escherichia coli Salmonella typhimurium

MIC (lg/mL) Subtilisin 37.5 37.5 9.375 18.75 9.375 37.5

MIC (mM) AgNP 6.25 12.5 3.125 12.5 6.5 12.5
ZnONP 3.125 12.5 3.125 6.5 12.5 6.5
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mL. Maximum inhibition was observed at 89% for ascorbic acid as
the reference standard as displayed in Table 7. The outcomes of
AgNP and ZnONP have been compiled in Table7and depict that
subtilisin-capped ZnONP have exhibited the highest scavenging
activity when compared to subtilisin-capped AgNP and subtilisin
alone. It displayed significant inhibition of 80% even after 30 min.
incubation while AgNP showed 60% at 50 mM concentration.

Another radical activity named ABTS was also studied for subtil-
isin and its capped nanoparticles. During the 12 to 60 h period, an
inhibition percentage ranging from 18% to 90% was observed. The
maximum inhibition percentage of 90% was recorded at the 60 h
time point for ZnONP (Fig. 3A). The same concentration of AgNP
showed 45% scavenging activity at 60 h and subtilisin at 40%. Buty-
lated hydroxytoluene was used as standard, showing inhibition of
46%. According to the study, all sample dosages demonstrated excel-
lent scavenging of free radicals’ capabilities. However, it was
observed that ZnONP have given outstanding results in the case of
both assays revealing it to be a potential antioxidant. All of the
experiments reported in the study were performed in triplicates,
and themean value of the three separate batcheswas used to deter-
mine the final results, ensuring statistical reliability and reducing
the impact of any potential variability or outliers in the data.

3.7.3. Evaluation of anticancer activity
The MTT assay holds great significance and is extensively

employed in anticancer research. Its capacity to evaluate cell via-
Table 7
DPPH radical scavenging assay of subtilisin and subtilisin-capped AgNP and ZnONP.

Subtilisin AgNP

Concentration (lg/
mL)

Scavenging activity
(%)

Concentration
(mM)

Scavenging ac
(%)

25 18 ± 0.09 5 14 ± 0.07
50 21 ± 0.10 10 24 ± 0.03
75 35 ± 0.03 20 33 ± 0.08
100 46 ± 0.5 30 44 ± 1.0
125 57 ± 1.0 40 53 ± 1.1
150 65 ± 0.7 50 60 ± 0.05

Each data value represents mean ± standard deviation value of triplicates and significan

11
bility and cytotoxicity of compounds makes it indispensable for
screening potential anticancer agents and gaining a valuable
understanding of their anticancer activity. Cancer cells with
reduced viability due to the cytotoxic effects of anticancer agents
will display lower MTT assay results, indicating potential anti-
cancer activity. The cytotoxic activity of subtilisin and
subtilisin-capped nanoparticles were examined against MCF-7
cancerous cell lines in-vitro. The concentration of the samples
ranged between 6.25 and 200 lg/mL and the cell viability per-
centage was determined. Fig. 3B shows the dose-dependent sig-
nificant decrease in the viability of the treated samples. Cell
viability decreased as the concentration of both subtilisin and
its capped nanoparticles increased and ZnONP exhibited higher
activity than AgNP. The MCF-7 cell lines’ IC50 value, which repre-
sents the true dose of subtilisin, was established. The concentra-
tions of AgNP and ZnONP required to limit cell growth by 50%
have been estimated (Sarkar and Kotteeswaran, 2018) to be
83.48 lg/mL, 3.62 lg/mL and 7.57 lg/mL respectively. The rate
of viable cells was drastically decreased at concentrations exceed-
ing 40 lg/mL. Doxorubicin served as the control drug having IC50

value of 3.62 lg/mL which aligned with the trend of AgNP. Subtil-
isin drastically exhibited a decrease in viability (67.22%) after
50 lg/mL concentration. Our research findings confirmed the
anti-cancer potential of nanoparticles particularly AgNP and con-
cluded that AgNP were more effective than others in inhibiting
cancer cell growth.
ZnONP Ascorbic acid

tivity Scavenging activity
(%)

Concentration (lg/
mL)

Scavenging activity
(%)

36 ± 1.0 10 68 ± 0.03
40 ± 0.5 20 71 ± 0.09
53 ± 1.2 30 77 ± 0.5
64 ± 0.08 40 82 ± 1.1
72 ± 0.03 50 86 ± 0.1
80 ± 0.04 60 89 ± 0.06

t at p < 0.05.
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Fig. 3. Biological activities of subtilisin and subtilisin-capped AgNP and ZnONP. Antioxidant activity of subtilisin and subtilisin-capped AgNP and ZnONP by ABTS assay (A),
Cytotoxicity activity of subtilisin and subtilisin-capped AgNP and ZnONP against breast cancer cell lines (B).
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3.8. Analytical characterization

3.8.1. FTIR analysis of subtilisin-capped nanoparticles
The significant functional groups of the bio-synthesized

subtilisin-capped Ag and ZnO nanoparticles have been studied
using FTIR approach. The FTIR spectrum of nanomaterials revealed
a number of major bands, each suggesting an existence of unique
functional groups of subtilisin and nanoparticles as shown in
Fig. S3 (A) and (B) in SI. The existence of a carboxylic acid counter-
part with an amine group amidst amino-acid residues in pro-
teinous molecules indicates the presence of the infrared portion
of the electromagnetic radiation spectrum. In Fig. S3A in SI, the
confirmation of the N–H stretching mode is evident from the pres-
ence of amide bands at a broad absorption peak of 3394 cm�1. At
approximately 2924 cm�1, aliphatic C–H vibrations are evidenced.
The alkyne symmetric stretch of –C–C = C bonds typically occurred
nearly at 1577 cm�1 in the infrared spectrum. The Amide II band is
centred at 1577 cm�1, while the Amide III band is centred at
1384 cm�1. The major signal used for recognizing protein sec-
ondary structures is typically found in the amide I region of the
infrared spectrum, which is around 1350–1750 cm�1. The amide
I band provides important information about the protein’s alpha-
helical, beta-sheet and random coil secondary structures, making
12
it a key region for structural analysis using FTIR spectroscopy.
The –C–N extension of amines with an aliphatic structure or phe-
nolic/alcoholic compounds correlates to the peak at 1077 cm�1 in
the silver nanoparticle FTIR spectra as shown in Fig. S3A in SI. This
absorption band suggests the existence of these particular func-
tional groups, which might be ascribed to the capping agents or
stabilizers utilized during the silver nanoparticles synthesis. The
striking peak at 536 cm�1 was attributed to Ag–O vibrations
(Fouad et al., 2017). The presence of silver ions and oxygen-
containing functional groups, typically associated with silver
nanoparticles, is indicated by the peak. This peak provides valuable
information about the formation of Ag nanoparticles and the speci-
fic chemical bonds present in the material.

The FTIR spectrum displayed multiple absorption peaks, as dis-
played in Fig. S3B in SI, indicating the presence of a specific biolog-
ical substance that played a role in the biosynthesis of zinc oxide
nanoparticles. These absorption peaks offer insight on the struc-
ture and composition of the biomolecules participating in the pro-
cedure of synthesis and help to characterize ZnONP formation. The
–OH extension comprising phenolic or alcoholic compounds is
allocated to the typical peaks at 3344 cm�1 whereas the peak at
1654 cm�1 corresponds to the C–O stretch. The long peak at
1048 cm�1 corresponds to vibrations of C–C, C-OH and C–H
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functional groups. Additionally, the FTIR spectrum of the biosyn-
thesized ZnONP revealed a distinct band at 597 cm�1, which signi-
fies the existence of ZnO vibrations. This absorption peak provides
strong evidence for the formation of zinc-oxygen bonds in the ZnO
nanoparticles and supports the successful biosynthesis of ZnONP
as a result of which metallic ions are reduced to metallic nanopar-
ticles (Alahdal et al., 2022).

3.8.2. SEM-EDS analysis of subtilisin capped nanoparticles
It is a technique for analysis that makes use of a scanning elec-

tron microscope, also called as SEM, to acquire high-resolution
photographs of a sample’s surface morphology. EDS analyses the
composition of elements by detecting X-rays generated by the
specimen when it gets struck with an electron beam. SEM-EDS is
extensively utilized to explore the topological morphology and
chemical composition of an array of samples in the fields of mate-
rials science, nanotechnology and other scientific domains. The
dried nanoparticles were observed under SEM. Fig. 4 Adepicts the
nano-composite agglomerates of ultra-small-sized silver nanopar-
ticles co-embedded with subtilisin. They were bacilli like structure
and curved shaped. The formation of agglomerates could have
occurred during the drying process. This was validated further by
the EDS study shown in Fig. 4B as there was presence of silver com-
ponent in the spectra of AgNP. The diminishment of silver ions Ag+

to Ag0 was confirmed by an elevated peak observed at 3 keV (bind-
ing energies), corresponding to the existence of silver ions in the
reduced state. The spectra revealed that silver was the most pre-
dominant element, accounting for 37.60% of the total, followed
by carbon (32.13%) and oxygen (24.68%) and impurities (5.59%),
indicating the creation of silver nanoparticle capped subtilisin
(data not shown) (Fouad et al., 2017).

Similarly, surface morphology of subtilisin-capped ZnONP
exhibited a spherical morphology with elongated rods, but having
an uneven texture with a slightly even and regular dispersion to
understand their structure and potential applications (Fig. 4C).
Fig. 4. Analytical characterization of subtilisin-capped AgNP and ZnONP. SEM analysis of
EDS of ZnONP-subtilisin (D), TGA analysis of AgNP-subtilisin (E), TGA analysis of ZnONP-
subtilisin-capped ZnONP (H), XRD diffractogram of subtilisin-capped AgNP (I) and XRD

13
EDS data may be used to confirm ZnONP purity and composition.
It typically showed a strong signal for zinc (Zn) and oxygen (O) ele-
ments, confirming the presence of ZnO in the sample between
8.6 keV and at 0-1 keV, respectively as shown in Fig. 4D. Further-
more, EDS may also identify additional elements present as impu-
rities or as components of the stabilizing or capping agents utilized
during nanoparticle development. The EDS spectra revealed the
highest component to be Zn with 91.01% followed by oxygen to
be 1.18% and other substances. (data not shown) (Alahdal et al.,
2022).
3.8.3. TGA analysis of subtilisin-capped nanoparticles
TGA can offer valuable data with regard to their thermal resis-

tance as well as the existence of residual impurities or organic
molecules on their surfaces. Through monitoring the sample’s
weight changes during heating, TGA aids researchers in compre-
hending the thermal characteristics and composition of nanoparti-
cles. This information holds great significance for diverse
applications in nanotechnology, nanomedicine and materials
science. Specific stages of weight loss were observed during the
TGA analysis. In Fig. 4E, at the initial stage of weight loss (<200
℃), a relatively small decrease of 0.99% was observed, which is
linked to the evaporation of physisorbed water or surface moisture
content on the AgNP. The second phase of reducing weight at
12.77% occurs between 200 and 570 ℃, and involves the decompo-
sition and volatilization of organic and bioactive compounds that
might be present on the sample, such as surfactants, stabilizers,
or capping agents. Additional weight loss can be observed when
inorganic components undergo decomposition, leading to the
release of gases and volatile byproducts (Alam, 2022). Post 600 ℃
at elevated temperatures, the silver nanoparticles at this stage rep-
resent capped silver nanoparticle core material decomposition. It
stabilizes after a minimal loss. The biosynthesized AgNP are esti-
mated to have a purity of approximately 73.47% pure silver.
AgNP-subtilisin (A), EDS of AgNP-subtilisin (B), SEM analysis of ZnONP-subtilisin (C),
subtilisin (F), AFM micrographs of subtilisin-capped AgNP (G), AFM micrographs of
diffractogram of subtilisin-capped ZnONP (J).
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Similar weight loss stages were also seen in subtilisin-capped
zinc oxide nanoparticles as shown in Fig. 4F. The first stage of
weight loss between room temperature to 263 ℃ depicted a minor
loss of 8.083% which could suggest the reason for water molecules
loss present on the surface of nanoparticles. There is a significant
decline in weight by 9.53% at 473 ℃, ascribed to the molecule’s
degradation and evaporation. The absence of residues at approxi-
14
mately 600 �C suggested that the subtilisin-capped ZnONP struc-
ture had decomposed into gases and also results in the
development of carbonaceous char. At 953 ℃, 14.64% weight loss
was observed indicating the additional decomposition and evapo-
ration of the remaining bioactive molecule. At this temperature,
the majority of organic compounds and impurities are expected
to have been eliminated, resulting in the production of highly puri-



Fig. 4 (continued)

S.S. Shettar, Z.K. Bagewadi, H.N. Kolvekar et al. Saudi Journal of Biological Sciences 30 (2023) 103807
fied zinc nanoparticles (Özbek and Ünal, 2017). The TGA curve dis-
play a substantial reduction in weight as any remaining materials
are expelled, and the sample approaches its utmost thermal stabil-
ity. The final weight of the sample at around 900 ℃ will indicate
the pure zinc oxide content of the nanoparticles.

3.8.4. AFM analysis of nanoparticles
AFM allows researchers to produce high-resolution images and

height profiles by scanning a sharp tip across the surface of
15
nanoparticles. This enables the visualization of individual nanopar-
ticles and the way they cluster together, aiding in the characteriza-
tion of their physical properties. As the AFM tip is coupled to a
bendable cantilever, the cantilever bends owing to attraction and
repulsive interactions between the molecules and atoms on the
tip and its exterior surface, when the tip hits the sample ground.
The deflection of the cantilever is then measured, and a feedback
mechanism is used to maintain a constant force between the tip
and the sample. The silver and zinc nanoparticles of capped subtil-
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isin were analyzed by AFM to study its detailed morphology and
agglomeration. The AFM micrograph of AgNP depicted formation
of agglomerates with spherical morphology and uniform distribu-
tion in Fig. 4G. The actual appearance of the AgNP is based on the
16
experimental setup, sample preparation and imaging parameters
(Thiruchelvi et al., 2021).

AFM was employed to characterize the 2D and 3D topography
of the biosynthesized ZnONP. This allowed for detailed visualiza-
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tion and analysis of the surface features of the nanoparticles at the
nanoscale. AFM images provided visual insights into the roughness
and morphology of the surface for the zinc oxide nanoparticles
biosynthesized using subtilisin from B. subtilis strain (Fig. 4H).
The 3D image of the film reveals a consistent and ordered compo-
sition, with the grains exhibiting a vertical structure along the
crystal axis. The grains appear to be relatively uniform in size
and shape, indicating a regularity in the bioactive capped nanopar-
ticle composition (Rajeswaran et al., 2019). This suggests that the
distribution of nanoparticles was even, and the homogeneity
within the scanned region was adequate.

3.8.5. X-ray diffraction analysis of nanoparticles
XRD of subtilisin-capped nanoparticles is a powerful analytical

technique used to figure out their crystal structure and identify the
crystalline phases that existing in the sample. By subjecting the
nanoparticles to X-ray radiation, the XRD pattern produced pro-
vides valuable information about the arrangement of atoms in
the nanoparticles, their lattice spacing, and their crystallographic
orientations. The diffractogram exhibited several Bragg reflections,
which have been indexed according to the face-centered cubic
grain structure of silver. These reflections correspond to the speci-
fic crystallographic planes and orientations present in the silver
nanoparticles, providing valuable information about their crys-
talline structure. The XRD diffractogram revealed 4 prominent
peaks at 2h values ranging between 20 and 90h at 32.28, 46.27,
67.37, and 76.74, which have been attributed to the existence of
silver metal (Fig. 4I). These peaks could be associated with the
crystallographic planes of (111), (200), (220), and (311) of the sil-
ver nanoparticles. The appearance of these specific peaks confirms
the face-centered cubic crystal structure of silver in the synthe-
sized nanoparticles. By comparing the XRD spectrum with the
standard JCPDS (Joint Committee on Powder Diffraction Standards)
file number 89–3722, it was verified that the silver biosynthesized
in our experiments exists in the nanocrystal form. This comparison
confirms the crystalline nature and nanoscale structure of the syn-
thesized silver nanoparticles, aligning with the reference pattern
provided by the JCPDS database (Jan et al., 2021). Many resilient
extra Bragg peaks were found in the XRD spectrum near the typical
peaks. These peaks were not specifically assigned and could be
attributed to the presence of some bioorganic compound (s) or pro-
tein (s) found in the mixture. The appearance of these unassigned
peaks indicates the possibility of some additional molecular inter-
actions or phases within the biosynthesized nanoparticles, possibly
due to the bioorganic compounds or proteins that may have been
involved in the nanoparticle synthesis process. Further analysis
and investigation are required to determine the exact nature and
contribution of these additional peaks (Omole et al., 2018). The
average subtilisin-capped AgNP size was identified by the Debye-
Scherrer formula and found to be approximately 10.16 nm. The for-
mula is as follows:

D ¼ kk=bcosh ð4Þ
where D is the mean crystallite size (nm), k is the Scherrer constant
(here k = 0.9), k is the X-ray wavelength (wavelength is 1.54 Å), h is
the Bragg angle (2h), and b is the full width at the half maxima (ra-
dian) (Alam, 2022; Shankar et al., 2020).

The XRD pattern of subtilisin-capped ZnONP showed crystalline
structure with average particle size computed from equation 4to
be 3 nm. The analysis of the characteristic peaks in the XRD pattern
at 33.19, 54.33, 59.19 and 69.15 confirmed that all the observed
peaks corresponded to ZnONP as shown in Fig. 4J. The existence
of more powerful peaks associated with the 101 planes, which
are positioned at roughly 33.19�, suggests a high degree of crys-
tallinity in the ZnONP. No indications of impurities were found in
the synthesized ZnONP, suggesting a high level of purity in the
17
nanoparticles. The absence of additional peaks or impurity signals
reinforces the notion that the synthesized ZnONP are of high qual-
ity and possess a well-defined crystal structure, enhancing their
potential for various applications in nanotechnology and materials
science (Faisal et al., 2021).
4. Discussion

The successful isolation of B. subtilis strain ZK3 has been
explained in this work, from a novel source of marine soil which
showed a high resemblance to B. subtilis based on the phylogenetic
analysis. Multiple researchers have documented the isolation of
different strains from diverse sources. Alkaline proteases are pro-
duced by a diverse range of organisms. Bacillus species, in particu-
lar, are commonly associated with production of proteases
available commercially (Mahmoud et al., 2021). Major Bacillus spe-
cies have been found in the soils which are capable of producing
alkaline and serine proteases (El-Bendary et al., 2021) isolated B.
subtilis strain NRC1 from an old golden earring that showed posi-
tive for casein assay. B. aryabhattai Ab15-ES was discovered from
effluent of poultry processing revealing a clear zone of caseinolytic
activity on skim milk agar plate (Adetunji and Olaniran, 2020). B.
cereuswas identified from soil that was organic at Karicode, Kollam
(Kerala) and found to possess the capability of producing alkaline
protease (Thomas et al., 2021). A psychrotrophic B. pumilus BO1
from Tajwas Glacier of Kashmir, India showed hydrolysis zone on
the casein plate (Farooq et al., 2021). Alkaline protease producer
B. subtilis D9 from Saudi Arabia is reported (Mahmoud et al.,
2021). Bacillus sp. BT MASC 3 strain was isolated fromwaste dump-
ing site soil and subtilisin, a kind of serine protease was studied
(Kandasamy et al., 2016). However, strains reported specifically
for subtilisins are few.

Subtilisin-like serine protease and alkaline protease production
have been reported by several workers. In the present research
work, CASP was discovered to be an intriguing carbon source and
mustard oil cake was nitrogen rich source to induce high subtilisin
production in B. subtilis strain ZK3. In an interesting study by
Elumalai et al. (2020), B. subtilis B22 produced protease during sub-
merged fermentation under different lights and found light-
emitting diodes to maximize the production using casein as sub-
strate. Maltose and yeast extract were discovered to be better car-
bon and nitrogen sources respectively for protease production by
Streptomyces sp. Al-Dhabi-82 (Abdullah Al-Dhabi et al., 2020).
The big confront in the fermentation process is the cost involved
in the usage of commercial media ingredients employed for the
production of high value products likes enzymes. Hence, the objec-
tive is to lower the production cost by using low-cost wastes and
byproducts that can enhance the yields. The substrate that sup-
ports the microbial growth owing to the rich nutritional composi-
tion of minerals and cofactors are preferred as they support in the
biosynthesis of microbial metabolites. The nature and composition
of substrate constituting the carbon and nitrogen part can greatly
influence the expression of hydrolytic enzymes during fermenta-
tion processes. It is reported that agricultural waste residues like
groundnut oil cake, soybean meal, coconut oil cake and linseed
oil cake have high content of carbohydrates and proteins that can
serves as better fermentation substrates for protease production
(Elumalai et al., 2020) and are natural sources. Elevated protease
production was observed on 3rd day using feather meal substrate
by Bacillus sp. CL33A (Clerici et al., 2021). Gliricidia sepium seed
flour as nitrogen rich substrate was used to produce serine pro-
tease from Paenibacillus graminis MC 2213 with 15.9 U/mL during
96 h of submerged fermentation (Couto et al., 2022). Groundnut
oil cake as agricultural waste product showed improved protease
production by B. subtilis B22 (Elumalai et al., 2020). In a study,
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organic municipal solid wastes rich in cellulose and protein wastes
were replaced for commercial carbon (glucose) and nitrogen (pep-
tone and yeast extract) sources and found comparable protease
production indicating adequate replacement to commercial
sources from B. subtilis AKAL7 and Exiguobacterium indicum
AKAL11 (Hakim et al., 2018). The suitable carbon and nitrogen
sources were fructose and glucose and shrimp shell powder
respectively for protease from B. luteus H11 (Kalwasińska et al.,
2018). Substrates like de-oiled neem seed cake was employed to
produce protease (11–12 U/mL) and addition of other carbon (su-
crose and fructose) and nitrogen (yeast and urea) sources favored
a substantial increase in the production by B. licheniformis and
Acinetobacter pittii (Reddy et al., 2022). Wheat bran, as an agro-
waste, was uncovered to serve as a superior substrate for manufac-
turing via solid-state fermentation by Mycothermus thermophilus
MK770356 fungi possibly due to the rich content of nutrients
and cofactors (Talhi et al., 2022). The utilization of an alternative
agricultural waste as a new inducer in the media, Custard Apple
Seed Powder (CASP) demonstrated a substantial 1.88-fold increase
in alkaline protease synthesis by Neocosmospora sp. N1.
(Matkawala et al., 2019).

The feasibility of multiple agricultural byproducts as substrates
for protease synthesis from Bacillus halodurans included, paddy
husk, rice meal, straw from paddy fields, fruit and vegetables
waste, the bran of wheat, and sawdust (1% each), was investigated.
The study states that in the experiment, among the tested sub-
strates, medium enriched with wheat bran supplementation
resulted in the highest enzyme yield. On the other hand, sawdust
supplementation resulted in the lowest enzyme yield. This indi-
cates that wheat bran was the most effective substrate for promot-
ing the production of the enzyme, while sawdust was less effective
in comparison (Balachandran et al., 2021). Another research delved
into the utilization of cow dung as an interesting and budget-
friendly alternative for the concurrent creation of carboxy methyl
cellulase (CMCase) and protease from a novel B. subtilis IND19. This
economical substrate holds the promise of diminishing the
expenses linked to enzyme generation. This was the first study to
investigate the simultaneous production of two enzymes in solid
state fermentation (Vijayaraghavan et al., 2016).

PBD proposes quick mathematical computing that aids in filter-
ing of important and crucial factors from an array of factors neces-
sary for optimization. PBD recommended the following major
parameters in the current study:glucose, mustard oil cake, CASP
and casein for further optimization. In consent with our results,
glucose along with soybean protein and temperature were found
to be effective for production of alkaline serine protease by B.
safensis (Elyasi Far et al., 2020). Previous reports suggest a 1.15-
fold improvement in the enzyme activity with 25.3 U/mL based
on PBD by B. cereus KM05 (Jayakumar et al., 2021).

RSM designs have been efficient tools for evaluating the signif-
icant parameters and their interaction impact on the production of
biomolecules in bioprocess. The formulations of economic media
and optimization strategies for maximum enzyme productivity
are enormously necessary for scale up levels in industries. Our
results suggest controlled concentrations of glucose, CASP, casein
and mustard oil cake for maximum subtilisin yield as excess sub-
strates are known to affect the microbial growth and interfere with
the metabolic aspects of the organism thereby producing lower
yields. Several researchers have studied the interactions of factors
influencing the production. The protease production by Shewanella
algae was optimized by Box-Behnken (BB) factorial design for fac-
tors like pH, temperature, gelatin and Beef extract (Javee et al.,
2022). A central composite rotatable design and artificial neural
network optimization gave a 2.2-fold enhancement in mutant
kGy-04-UV-25 (Asitok et al., 2022). CCD-RSMmodel was employed
for protease optimization in mutant of B. subtilis strain (Shafique
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et al., 2021). A 1.3-fold in alkaline protease activity was obtained
by BB design in B. cereus KM05 (Jayakumar et al., 2021). Elyasi
Far et al. (2020) reported an optimum level of glucose and soybean
protein to be 0.5 g/L and 38 g/L respectively to enhance production.
Optimization of wheat bran was found to produce maximum pro-
tease using BB method by Streptomyces sp. GS – 1 (Sarkar and K,
2020). A milk clot ting enzyme was optimized with 2.3 folds
improvement by CCD in B. subtilis subsp. subtilis strain 168
(Wehaidy et al., 2020). BBD was used by Özbek Yazıcı and
Özmen (2020) to optimize the parameters for the collaborative
production of proteases and cellulose.

The maximum amount of haloalkaline serine protease from a
haloalkaliphilic archaeon Natrialba hulunbeirensis strain WNHS14
produced after treatment at 40 �C and pH 9 with a 6-fold increase
in yield was 62.9 U/mL owing to the Box-Behnken design, which
concentrated the most effective concentrations of the three signif-
icant variables casamino acids, KCl and NaCl (Ahmed et al., 2021).
Enzymatic effectiveness in agitated containers was significantly
enhanced by multiple magnitudes through computational mod-
elling like two-level factorial design (2-LFD) to screen significant
factors and the decision was made to employ a central composite
rotatable design (CCRD) matrix from the realm of surface method-
ology (RSM) in order to ascertain the optimal quantity of elements.
The forecast of the optimal concentrations of the independent fac-
tors leading to maximum thermostable haloalkaline protease pro-
duction was achieved using an Artificial Neural Network (ANN)
technique (Asitok et al., 2022). Optimizing factors to achieve higher
yields of the desired product involves the implementation of a pro-
ficient and rational statistical approach. The Taguchi L8 (2)4 design
was adopted to figure out the best combinations of screening
parameters to enhance the production of biosurfactant. This tech-
nique makes it feasible to establish the comparative significance
and percentage involvement of different variables to maximize
the manufacturing of a product (Kumari et al., 2023).

The kinetics profile of subtilisin production in the present study
indicated maximum production of subtilisin and protein occurred
on the 3rd d. The organism immediately uses glucose as a major
carbon source as an alternative source of energy to manufacture
a variety of metabolites during the growth phase. The consumption
of glucose is evidenced throughout the fermentation period and is
negatively associated with cell growth and enzyme production.
The increase in cell biomass represents the consumption of nutri-
ents available in the medium to trigger enzyme and metabolite
expression. The synthesis of products usually declines in death
phase. The enzyme production usually declines after a specific time
period possibly due to the process of protein denaturation or
degradation. Subtilisin enzyme is a primary metabolite and growth
associated. Diverse fermentation profiles are reports with specific
strains in the literature. Protease production was highest on 5th
d and decreased after 6th d in Streptoymyces sp. Al-Dhabi-82
(Abdullah Al-Dhabi et al., 2020). The alkaline protease production
was maximum after 24 h in case of B. subtilis AKAL7 and Exiguobac-
terium indicum (Hakim et al., 2018). Several models of kinetics such
as, Luderking-Piret, Monod and Gompertz models are studied in
the literature for protease production (Asitok et al., 2022). The
kinetics study in 5 L bioreactor from a mutant strain kGy-04-UV-
25 depicted the biomass formation developed after 5 h and sub-
strate was utilized and directed for cellular metabolism (Asitok
et al., 2022). In related research, serine protease production by
Paenibacillus graminis MC 2213 by fermentation process yielded
maximum activity at 96 h with 15.9 U/mL activity (Couto et al.,
2022). According to the production kinetics, designing a medium
with abundant nutritional sources boosts enzyme productivity.

The current work shows that subtilisin-capped silver and zinc
oxide nanoparticles have been successfully synthesized. Multiple
researchers have documented the alteration in suspension color
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as an indicative sign of nanoparticle synthesis (Sidhu and Nehra,
2021). Literature reports have documented for the biological syn-
thesis of AgNP using various Bacilli species, including B. licheni-
formis, Lysinibacillus sphaericus, B. subtilis, B. thuringiensis, B.
cereus, B. pumilus, B. brevis, B. marisflavi, B. amyloliquefaciens, B.
flexus, B. megaterium, and B. methylotropicus (El-Bendary et al.,
2021). The optical characteristics of biologically generated silver
nanoparticles (AgNP) were investigated using UV–vis spec-
troscopy, which is dependent on the size and form of the nanopar-
ticles. The synthesis carried out under optimized conditions led to
a notable increase in absorbance, accompanied by the emergence
of a distinct and intense peak at 432 nm of Bac23-capped silver
nanoparticles extracted from Lactobacillus plantarum (Sidhu and
Nehra, 2021). In another study, after 24 h of incubation, the forma-
tion of AgNP was evidenced by absorption peaks at 405 nm and
420 nm for Bacillus amyloliquefaciens and B. subtilis respectively,
to investigate the harmful effect on Cx. Pipienspallens larvae and
pupae (Fouad et al., 2017). A similar study of subtilisin conjugated
AuAgNP depicted a narrow peak at 564 nm by UV–Vis spec-
troscopy. While the bi-metallic nanoparticles formed without sub-
tilisin showed characteristic bands at 513 nm and 318 nm for gold
and silver respectively. This shift depicts that the nanoparticle
structure does influence the biocatalytic activity. The covalent
attachment of proteins to the surface of Au/Ag core–shell nanopar-
ticles is essential for their biological functionality and biocompat-
ibility, allowing for tailored interactions with biological systems
and enabling specific applications in biomedicine and bioengineer-
ing (Prabhawathi et al., 2019). Other results were broadly in-line
with the present findings stating that UV–Visible spectroscopy
was performed to identify the presence of lipopeptides (secondary
metabolite of B. subtilis SDUM301120) on the surface of AgNP. The
absorption spectra depicted the peaks ranging between 430 and
460 nm which was more specific and proved to be enhancing the
antibacterial efficiency (Yu et al., 2021). A characteristic peak of
ZnONP from P. austroarabica extract was at 362 nm indicating
the formation of nanoparticles. After 4 h of incubation, the solu-
tion’s absorbance increased partially. However, the color of the
solution was unchanged and the degree of absorption maintained
steady after 24 h. These findings imply that the solution’s Zn2+

ion reduction was thorough. The stabilization of absorbance over
time suggests that the reaction reached its endpoint, and the
reduction of Zn2+ ions to zinc nanoparticles (ZnNP) was success-
fully achieved (Alahdal et al., 2022). Another study looked at the
green manufacture of zinc nanoparticles to see how they affected
the yield and growth of Pisum sativum L. A sharp peak at 374 nm
was observed which indicates the formation of white colored
nanoparticles (Ahmed et al., 2022). This is consistent and in-line
to our study with what has been found recently in characterizing
the green-synthesized ZnONP having an absorption peak wave-
length at 384 nm using the aqueous extracts of Cassia siamea (L.).
Zinc oxide nanoparticles (ZnO-NP) possess exceptional catalytic
efficiency and exhibit a strong adsorption capacity. As a result, they
are becoming increasingly utilized in the manufacturing of sun-
screens. They are also efficient against bacteria that are resistant
to antibiotics (Ahamad Khan et al., 2023). Various kinds of
nanoparticles have been employed to study its characteristics. In
a related work, an easy and inexpensive technique for producing
selenium nanoparticles (SeNPs) employing probiotic B. subtilis
BSN313 was developed. By virtue of the substantial surface-to-
volume ratio, elevated surface energy, spatial confinement, and
decreased defects, SeNPs exhibit exceptional physical and chemical
attributes (Ullah et al., 2021). A study reported by Hosseini-
Koupaei et al. (2019), investigated the interactions and stability
of proteinase K, a subtilisin-like serine protease in the presence
of copper oxide (CuO) nanoparticles, with broad implications in
the realms of biology, medicine, and commercial uses. The primary
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aims were to assess the impact of CuO nanoparticles on the func-
tionality, robustness, and configuration of proteinase K as a repre-
sentative enzyme, employing diverse spectroscopic methods. The
nanoparticles are safe and compatible with living organisms,
exhibiting remarkable medical uses such as fighting cancer (anti-
cancer), reducing inflammation (anti-inflammatory), and combat-
ing microbes (antimicrobial). These particles also excel in specific
drug transport, promoting healing of wounds, and advanced bio-
logical imaging. A study reported, samples containing zinc oxide
nanoparticles prepared by aqueous fruit extracts of Myristica fra-
grans were tested for their ability to inhibit a-amylase and a-
glucosidase enzymes. It reveals the remarkable antidiabetic prop-
erties of biobased nanoparticles. They emerge as a promising ther-
apeutic solution for diabetes treatment, presenting a cost-effective
and more efficient alternative to conventional drugs. Different con-
centrations of biogenic ZnO-NPs were tested for antileishmanial
activity against amastigotes and promastigotes (Faisal et al.,
2021). Another research reveals the in vitro assessment of the
anti-inflammatory potential of TiO2@ZnO-Au nanostructures. This
was accomplished by studying their ability to inhibit protein
denaturation, a key indicator of anti-inflammatory activity. Protein
denaturation happens as a result of injury to tissues following
inflammation and rheumatic responses. Suppressing protein
denaturation represents a significant mechanism by which NSAIDs
act in situations involving inflammation, such as rheumatic condi-
tions (Pragathiswaran et al., 2020). Nanoparticle size plays a crucial
role in antimicrobial activity. Small-sized nanoparticles can pene-
trate into microbial cell membranes more easily, leading to
enhanced antimicrobial effects. Additionally, nanoparticles with
larger surface areas provide more contact points for interaction
with microorganisms, boosting their antimicrobial efficacy.
Nanoparticles can exhibit synergistic effects when combined with
traditional antimicrobial agents or other nanoparticles. Such com-
binations can enhance antimicrobial activity and help overcome
microbial resistance. Subtilisin and its capped nanoparticles have
shown excellent antibacterial activity at higher concentrations
against both Gram-positive as well as Gram-negative pathogens
with the lowest MICs. The antimicrobial activity of B. subtilis cell-
supernatant used for biogenic silver nanoparticles against multi-
drug resistance microbes was studied in which the maximum inhi-
bition was seen for Klebsiella pneumoniae followed by E. coli. This
coincides with our results of E. coli showing the highest inhibition
from our study. The lowest MIC (300 lg/mL) was shown for Kleb-
siella pneumoniae (Alsamhary, 2020). In another study, the synthe-
sized Bacillus mn14-AgNPs (Bs-AgNPs) has shown 20 mm and
18 mm inhibition zone against S. viridans and S. Aureus respec-
tively, larger than the positive control tetracycline (17 mm)
(Kabeerdass et al., 2021). Previous studies have reported that Bacil-
lus megaterium silver nanoparticles exhibited significant antimi-
crobial activity against various pathogens, including P. aeruginosa,
S. typhi, Proteus vulgaris, Streptococcus pneumoniae, S. aureus and
E. coli. The silver nanoparticles derived from Bacillus methylotroph-
icus demonstrated antimicrobial activity against several pathogens,
including Candida albicans, E. coli, Salmonella enterica, and Vibrio
parahaemolyticus (El-Bendary et al., 2021). The conjugation of
AuAgNP (gold-silver nanoparticles) with subtilisin has enhanced
its activity against S. aureus, resulting in an increased antimicrobial
efficacy. However, this conjugation has the opposite effect on its
activity against E. coli, where the antimicrobial activity is reduced
(Prabhawathi et al., 2019). The current study’s findings demon-
strate that the antimicrobial effectiveness of nanoparticles (NPs)
with increased antibacterial qualities is not just the sum of the
individual impacts of pure NPs and subtilisin, instead, it shows a
synergistic interaction between the two, resulting in NPs with
improved antibacterial capabilities and a more effective antimicro-
bial potential. The precise mechanism behind the antibacterial
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behaviour of nanoparticles is not entirely known. However, it has
been reported that the overproduction of ROS is considered a pri-
mary mechanism of nanoparticle toxicity and cell damage. ROS,
including free radicals such as superoxide anions (O2

�), hydrogen
peroxide (H2O2) and hydroxyl radicals (OH�) can induce oxidative
stress within bacterial cells, leading to cellular damage, membrane
disruption, DNA damage and ultimately cell death. While excessive
ROS generation is known to contribute to nanoparticle antibacte-
rial effects, it is crucial to stress that a thorough knowledge of
the processes involved requires more research and analysis. The
damage inflicted upon cellular components and the dysregulation
of calcium homeostasis caused by ROS contribute to the induction
of bacterial apoptosis in the presence of AgNPs (Yu et al., 2021).
The phytochemically synthesized ZnO@Cs-NPs revealed inhibition
against infectious strains P. aeruginosa PAO1 and C. Violaceum with
an inhibition zone of 20 mm and 15 mm respectively and MIC val-
ues were found to be 80 and 60 lg/mL respectively. The enhanced
antibacterial activity of ZnO@Cs-NPs is believed to stem from their
larger surface area, which enables greater interaction with
microbes. The literature highlights the significant contribution of
synergistic interactions between the particles and natural chemi-
cals in the observed augmentation of antibacterial activity exhib-
ited by ZnO@Cs-NPs (Ahamad Khan et al., 2023). However, there
are very few studies reported on antibacterial efficiency of
subtilisin-capped zinc oxide nanoparticles from B. subtilis which
is presented in the current study.

Recently, many other nanoparticles have shown several biolog-
ical activities like, varied concentrations of TiO2@ZnO-Au
nanocomposites have been demonstrated to be the most efficient
over test organisms E. coli and S. aureus, reason being the produc-
tion of ROS as an antibacterial mechanism resulting in cell related
degradations (Pragathiswaran et al., 2020).

Antioxidants in nanoparticles serve a vital purpose in protecting
cellular structures and tissues from oxidative stress caused by
reactive oxygen species (ROS). Oxidative stress is linked to a vari-
ety of illnesses and signs of aging. Antioxidant nanoparticles can
scavenge ROS, neutralize free radicals, and prevent cellular dam-
age. Antioxidant nanoparticles have the ability to improve the
effectiveness of drugs by safeguarding them against degradation
or inactivation caused by oxidation. When drugs are encapsulated
within antioxidant nanoparticles, their stability and availability
within the body can be enhanced, resulting in improved therapeu-
tic results. Previous research has found similar outcomes to ours
indicating antioxidant activity of 67.4% and 51.02% for
biologically-synthesized AgNP and chemically-synthesized AgNP
with DPPH scavenging assay. Silver nanoparticles are renowned
for their remarkable catalytic activity in specific oxidation reac-
tions, such as CO oxidation. In contrast, bulk silver metal exhibits
limited chemical reactivity due to its compact size and the nature
of its interactions. The unique size-dependent properties of silver
nanoparticles contribute to their enhanced catalytic performance,
making them highly effective catalysts in various oxidation pro-
cesses. Based on this knowledge, organically generated silver
nanoparticles may cause an increase in the generation of oxygen
species that are reactive (ROS), resulting in oxidative stress. The
unique properties of silver nanoparticles may contribute to their
ability to generate ROS, leading to potential oxidative damage to
biological systems. This leads to damaging the proteins and nucleic
acids thereby causing apoptosis or death of the cell (Chojniak-
Gronek et al., 2022). Another research showed, at 100 lg/mL, green
synthesis of AgNPs with aqueous extract of Aquilegia pubiflora
leaves had the following DPPH and ABTS free radical scavenging
activity, with 51.28 ± 0.94% and TEAC (Trolox equivalent antioxi-
dant capacity) value of 63.73 ± 0.95 respectively along with few
other assays like total reduction power (TRP) and total antioxidant
capacity (TAC) (Jan et al., 2021). Another work presented by
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(Ibrahim et al. (2021), investigated the optimization of silver
nanoparticles with B. cereus. Its free radical scavenging activity
with DPPH and anti-radical activity with ABTS at varying time
intervals between 16 and 40 min. was found to be maximum.
The DPPH activity was significant at 94.01% post incubation of
30 min. The purple color observed during the reaction faded upon
reduction, indicating the presence of antioxidant activity in the
added sample. In relation to our study of ZnONP, DPPH scavenging
showedmaximum activity of 65.5% at 100 lg/mL concentration for
biocompatible AgNPs synthesized by endophytic B. cereus
(MT193718) isolated from Berberis lyceum. The fact that the inhibi-
tion percentage of AgNPs was extremely close to that of ZnONPs
activity indicates that the principle of working of nanoparticles is
comparable (Mujaddidi et al., 2021). Another study exhibited the
characteristics of purified antimicrobial peptide called subtilisin
from B. firmus VE2, showing dose-dependent DPPH scavenging of
96.5 ± 0.56% at 50 lL/mL (Manikandan et al., 2021). This result ties
well with previous studies wherein, increase in the concentration
of ZnONPs thereby increased the DPPH scavenging activity show-
ing highest inhibition of 85.17% in comparison to the P. austroara-
bica extract and ascorbic acid (Alahdal et al., 2022). The above
stated study matches with the findings from our study with
respect to subtilisin-capped ZnONP acting as a potential antioxi-
dant agent to provide protection from oxidative stress. Antioxidant
nanoparticles find applications in various biomedical fields, includ-
ing drug delivery systems, imaging agents, tissue engineering, and
regenerative medicine. Their antioxidant properties enhance bio-
compatibility, reduce cytotoxicity, and improve overall perfor-
mance in these applications.

The MTT assay provides quantitative results, allowing for the
comparison of different compounds and their respective cytotoxic
effects on various cancer cells. This enables researchers to rank the
efficacy of potential anticancer agents. The assay is frequently used
as a primary screening tool to identify potential anticancer candi-
dates. Compounds that show significant cytotoxic effects in the
MTT assay can be further investigated in more complex in vivo
models. Additional studies may be required to elucidate the precise
mechanisms of action. Our studies have shown potential anti-
cancer activity with less IC50value proving it to be inhibiting the
cancerous cell lines at 50%. Both nanoparticles can be treated as
effective anticancer agents. The findings align with previous
reports suggesting that biosynthesized silver nanoparticles
demonstrate significant efficacy in their actions at 30 lL/mL or
higher. The observed activity could be ascribed to AgNP’s synergis-
tic impact and also bioactive compounds, such as biosurfactants,
that adhere to the surfaces of the nanoparticles. This combination
of AgNP and bioactive compounds may contribute to the enhanced
overall effectiveness of the nanoparticles in the observed activity.
To further validate these results and their potential therapeutic
applications, additional studies using in vivo models are necessary.
In vivo investigations will give a more full knowledge of nanopar-
ticle behavior and effectiveness within living beings, laying the
foundation for their future translation to clinical applications
(Chojniak-Gronek et al., 2022). The cytotoxic effects of biosynthe-
sized AgNPs utilizing B. subtilis extracellular filtrate on lung carci-
noma (A549), liver carcinoma (HepG-2) and African green monkey
kidney epithelial (MA104) cell lines were investigated. The CC50

values for these cell lines were found to be 212.5 mg/mL, 6.4 mg/
mL and 78.9 mg/mL respectively. These values represent the con-
centration of the AgNPs that caused 50% cytotoxicity in each cell
line (El-Bendary et al., 2021). Numerous reports have highlighted
the harmful effects of AgNPs on cancer cells. Mukherjee & Nethi,
(2019) also that silver nanoparticles have been shown to have anti-
cancer action against a variety of cancer cell types. These findings
demonstrate the potential of AgNPs as a promising candidate for
cancer therapy and warrant further investigation in this area. The
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mechanistic pathway of nanoparticle-induced cytotoxicity is often
mediated by the repeated generation of intracellular oxidative
stress. This process of oxidative stress overwhelms the cellular
antioxidant defense systems, causing components of the cell,
including DNA, to be damaged. As a consequence, apoptosis is trig-
gered in cancer cell lines, leading to programmed cell death. This
cascade of events highlights the potential of nanoparticles as
agents for inducing targeted cell death in cancer therapy. More
study is needed to completely comprehend the intricate mecha-
nisms that underpin nanoparticle-induced cytotoxicity and mor-
tality in cancer cells. The biosynthesized GST-AgNPs (Gloriosa
superba L. tuber extract-capped silver nanoparticles) exhibited
65.08% viability at 60 lg/mL in lung cancer cells of A549
(Murugesan et al., 2021). In our study, we also found that Ag-NPs
are capable of inducing oxidative stress by generating reactive oxy-
gen species (ROS). These ROS possess the ability to harm DNA,
leading to the mortality of cancerous cells. This observation sug-
gests that the mechanism of action of Ag-NPs in inhibiting cancer
cell growth involves ROS-mediated oxidative damage, which fur-
ther supports their potential as a therapeutic option in cancer
treatment (Jan et al., 2021). Recombinant subtilisin has also
demonstrated promising anticancer activity against breast cancer
cell lines (Shettar et al., 2023). Therefore, in the current study,
nanoparticles have proven to be potential to multiple biological
activities like antibacterial, antioxidant and anticancer agents.

Recently, a study showed dose dependent cytotoxic activity
found in the Brazilian Red Propolis (BRP) extract (a bee product),
and biosynthesized gold nanoparticles (AuNPs) were evaluated in
bladder cancer cells (T24) derived from transitional cell carcinoma
grade II and prostate cancer cells (PC-3) derived from bone metas-
tasis from grade IV adenocarcinoma. These observations could
potentially be elucidated through an exploration of the gold
nanoparticle fabrication process, where samples were employed
to reduce Au3+ ions, leading to the generation of metallic nanopar-
ticles (Botteon et al., 2021). Another work employed a sustainable
approach (green synthesis) for producing silver nanoparticles
using a water-based extract derived from pomegranate leaves
(Punica granatum). The study aimed to explore the potential anti-
cancer effects of these nanoparticles on human cervical cancer cells
(HeLa) with a dose–response curve to induce apoptosis (Sarkar and
Kotteeswaran, 2018).

The FTIR spectrum of subtilisin-capped silver and zinc oxide
nanoparticles revealed the presence of numerous groups with
functional properties, according to current study, including
C–O and C–N stretching in amides, OH and NH2 groups, C–H
stretching and C–C stretch of alkynes. These characteristic absorp-
tion bands offer valuable information about the molecular compo-
sition and structure of the biosynthesized nanoparticles, providing
insights into the biomolecules involved in the synthesis process.
This information is essential for understanding the unique proper-
ties and potential applications of the synthesized nanoparticles.
Similar vibrations and peaks have been found in several studies.
The results show that hydroxyl (OH) groups, C–C-O groups, and
amide chains are the key functional groups implicated in the
reduction and persistence of Bac23-capped SNPs. These results
strongly suggest that the bacteriocin protein likely demonstrated
a vital role in both the synthesis and capping of the nanoparticles
(Sidhu and Nehra, 2021). The large stretch of 3394 cm�1 from the
present study coincides with the absorption peak at 3308 cm�1

indicating the presence of amide bands and N–H mode from
AuAgNP coated with subtilisin molecule (Prabhawathi et al.,
2019). The characteristic spectra of AgNPs were reported using a
supernatant free of cells of B. amyloliquefaciens (D29). The robust
interaction between water and the AgNP surface is likely account-
able for the O–H stretching and the occurrence of functional groups
such as C = C, C–H, C = O, and N–H. These functional structures
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might be associated with residues of amino acids and protein
molecules engaged in the microbiological production of AgNPs.
The strong associations between water molecules and the
nanoparticles are presumed to have a vital role in stabilizing and
facilitating the bonding of biomolecules on the AgNP surfaces dur-
ing the synthesis process. Distinctive peaks with minor shifts were
also seen in AgNPs by B. subtilis (A15) in the same study (Fouad
et al., 2017). Another study on formation of zinc oxide nanoparti-
cles biosynthesized from P. austroarabica extract showed similar
peaks and play a substantial role the reduction of Zn ions and func-
tion as capping agents for ZnONPs (Alahdal et al., 2022). The iden-
tification of amino acid peaks in the clear filtrate verifies the
existence of proteins in the material being studied, determined
by the UV–vis spectra. FTIR spectra were utilized to distinguish
potential relationships between silver and bio-active substances
that might be liable for the formation and endurance of silver
nanoparticles as a protective coating (Alsamhary, 2020).

From the SEM-EDS results of subtilisin-capped Ag and ZnO
nanoparticles, this study confirms the appearance and elemental
composition of the nanoparticles formed with respect to the stud-
ies performed by many other researchers. In a similar study, a
prominent peak at 3 keV indicates abundance in silver in nanopar-
ticles formed from strawberry fruit pomace extract with 53.29%
weight of Ag. This exactly is in line with the results of current
research (Alam, 2022). The micrograph images of freeze-dried
AgNP from B. amyloliquefaciens and B. subtiliswere spherical in nat-
ure and the EDS pattern showed Ag at 3 keV (Fouad et al., 2017).
SEM morphology of mesoporous silica nanoparticles of subtilisin
showed spherical nanoparticles with size ranging from 60 to
100 nm (Özbek and Ünal, 2017). Jeyabharathi et al. (2022) showed
that biological synthesis of ZnO nanoparticles from the leaf extract
of Wattakakavolubilis revealed homogenous distribution. It was
also confirmed by EDX spectrum that the nanoparticles contained
high amount of Zn and O. Studies showed that the ZnONP were
highly compatible having excellent antibacterial and anti-diabetic
activities. Similar results were also seen from the zinc nanoparti-
cles synthesized using P. austroarabica which revealed the exis-
tence of metals in it and presence of carbon illustrates that plant
phytochemicals are involved in the reduction and capping of bio-
synthesized ZnONPs (Alahdal et al., 2022).

The current research on the thermal stability of both silver and
zinc oxide nanoparticles conjugated with subtilisin has shown its
stability up to � 900 ℃. In a related study, the thermal stability
of biosynthesized AgNP produced from the extract of strawberry
fruit pomace was evaluated using TGA under a nitrogen atmo-
sphere. Up to 75% by weight with stability was possessed by the
AgNP (Alam, 2022). These results are very much similar to the find-
ings from the current study of subtilisin-capped AgNP. Chitosan
polymer-coated mesoporous silica nanoparticles showed a weight
loss of 28.8% while the pure polymer depicted a weight loss of
68.9% (Özbek and Ünal, 2017). The decrease in weight was up to
60% between 300 and 400 ℃ and resulted due to decomposition
of organic components. The green production of AgNP utilizing
Aquilegia pubiflora leaves was reported by Jan et al. (2021). Bacte-
rial cellulose derived from the thermophilic B. licheniformis species
demonstrated excellent heat stability up to 250 �C (Bagewadi et al.,
2020b). From the findings of similar nanoparticles studies reported
by other researchers, it states that subtilisin-capped nanoparticles
have good thermal stability and these findings are less reported.

The results from the current study of subtilisin-capped AgNP
and ZnONP revealed spherical and rough morphology which have
been similarly reported by other research works in literature.
AFM images of AgNP synthesized from the extracts of Marine sea-
weed Gelidiellaacerosa was studied for its morphology and
appeared to be showing agglomeration clearly (Thiruchelvi et al.,
2021). The filtrate of Trichoderma harzianum was used to
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investigate the importance of capped and uncapped AgNP. AFM
pictures of uncapped nanoparticles revealed large mean diameters,
whilst capped nanoparticles were discovered to be circular in form
(Guilger-Casagrande et al., 2021). The average particle size of eco-
friendly ZnONP from Cymodocea serrulate showed 47 nm with sim-
ilar morphology reported as others (Rajeswaran et al., 2019). In a
related study, the images of zinc oxide nanoparticles from B. sub-
tilis illustrated the roughness on the surface with uniform distribu-
tion (Fazaa, 2022). In comparison to the current research, biogenic
ZnONP biosynthesized from B. subtilis revealed rough outermost
surface with approximately 65.17 nm average diameter.

XRD analysis allows researchers to confirm the crystallinity and
purity of the nanoparticles, as well as gain insights into their size,
shape and composition. It is a widely used method for characteriz-
ing nanoparticles in materials science, nanotechnology and various
research fields. The XRD pattern of AgNP and ZnONP from the cur-
rent research shows crystalline structure and the diffraction peaks
matches with the cubic lattices. In a related study, ZnONP with
lipase immobilization has depicted crystalline nature and showed
similar 2h values (Khan et al., 2019). Zinc acetate was employed
as a substrate in the fabrication of ZnO nanoparticles using extracts
ofWattakaka volubilis, which showed amorphous nature with aver-
age particle size of 16.79 nm (Jeyabharathi et al., 2022). The strong
intensity of the Bragg reflections in the XRD spectrum reveals an
appearance of robust X-ray dispersion sites within crystallized
state of the nanoparticles. This high intensity could be attributed
to proteins that were available in the nanoparticles during the syn-
thesis process. These proteins may have contributed to the forma-
tion and stabilization of the crystalline structure of the
nanoparticles, leading to the distinct X-ray scattering pattern
observed in the diffractogram. The involvement of proteins in the
synthesis process highlights their potential role in shaping the
properties and structure of the nanoparticles. In this case it states
that subtilisin contributes to the formation of nanoparticle crystals
which is more evident (Omole et al., 2018). The reduced particle
size and enormous number of crystalline planes in the produced
nanoparticles are responsible for the widening observed in all of
the peaks. The reduction in intensity in the diffraction patterns of
nanoparticles is caused by the broadening of peaks. As nanoparti-
cles have smaller sizes compared to bulk materials, their crystal
grains become smaller and more numerous, leading to an
increased number of crystallographic planes exposed on the parti-
cle surfaces. The peak broadening and reduced intensity are typical
characteristics of nanocrystalline materials and provide valuable
information about the size and crystallinity of the nanoparticles
(Upadhyay et al., 2020). The scarcity of studies focusing on
subtilisin-capped AgNP and ZnONP adds novelty to our current
work. The limited research in this specific area indicates that our
study can contribute valuable insights and unique findings regard-
ing the production, evaluation, analysis and prospective imple-
mentations of these nanomaterials.
5. Conclusion

Subtilisin production was evaluated using agro-wastes such as,
custard apple seed powder and mustard oil cake from isolated
Bacillus subtilis strain ZK3. The implementation of Plackett-
Burmann (screening design) and response surface methodology
(optimization design) revealed a 7.67 folds enhancement. The
kinetics profile depicts the maximum production of 77 U/mL on
3rd d. The synthesized subtilisin capped silver and zinc oxide
nanoparticles demonstrated biological properties such as, antibac-
terial, antioxidant and cytotoxic activities. Structural, surface and
functional characterizations of nanoparticles showed its ther-
mostable nature. The study provides insights into the applications
22
of subtilisin and its nanoparticles for promising biological
functions.
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