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A B S T R A C T   

This pioneering research explores the transformative potential of recombinant subtilisin, emphasizing its stra-
tegic immobilization and nanoparticle synthesis to elevate both stability and therapeutic efficacy. Achieving an 
impressive 95.25 % immobilization yield with 3 % alginate composed of sodium along with 0.2 M CaCl2 in-
dicates heightened pH levels and thermal resistance, with optimal action around pH 10 as well as 80 ◦C tem-
perature. Notably, the Ca-alginate-immobilized subtilisin exhibits exceptional storage longevity and 
recyclability, affirming its practical viability. Comprehensive analyses of the recombinant subtilisin under 
diverse conditions underscore its adaptability, reflected in kinetic enhancements with increased Vmax (10.7 ± 15 
× 103 U/mg) and decreased Km (0.19 ± 0.3 mM) values post-immobilization using N-Suc-F-A-A-F-pNA. 
UV–visible spectroscopy confirms the successful capping of nanoparticles made of Ag and ZnO by recombinant 
subtilisin, imparting profound antibacterial efficacy against diverse organisms and compelling antioxidant 
properties. Cytotoxicity was detected against the MCF-7 breast cancer line of cells, exhibiting IC50 concentrations 
at 8.87 as well as 14.52 µg/mL of AgNP as well as ZnONP, correspondingly, indicating promising anticancer 
potential. Rigorous characterization, including FTIR, SEM-EDS, TGA and AFM robustly validate the properties of 
the capped nanoparticles. Beyond therapeutic implications, the investigation explores industrial applications, 
revealing the versatility of recombinant subtilisin in dehairing, blood clot dissolution, biosurfactant activity, and 
blood stain removal. In summary, this research unfolds the exceptional promise of recombinant subtilisin and its 
nanoparticles, presenting compelling opportunities for diverse therapeutic applications in medicine. These 
findings contribute substantively to biotechnology and healthcare and stimulate avenues for further innovation 
and exploration.   

1. Introduction 

Subtilisin (EC 3.4.21.14), classified as a serine protease, is present in 
diverse organisms, including bacteria and plants. Belonging to the S8 
clan of proteases, it is recognized for its extensive substrate specificity, 
enabling it to cleave a diverse array of proteins. These enzymes typically 
share similar catalytic mechanisms and structural features. Indeed, 
subtilisin’s significance lies in its pivotal role across various industrial 
applications. Its capacity to hydrolyze proteins effectively and 

selectively makes it valuable for functions that involve digestion of 
proteins, cleaning agents, along with the preparation of certain food 
items. The enzyme’s versatility and effectiveness contribute to its 
widespread use in diverse industrial settings (Schaller et al., 2018). 
Subtilases, additionally referred to as subtilisins, constitute some of the 
most varied categories of serine proteases discovered within the ge-
nomes of numerous organisms, including viruses. Subtilisins are further 
split into six separate classes depending on the protein sequence: sub-
tilisins, thermitases, proteinases K, lantibiotic peptidases, kexins, and 

* 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), mtatagar@kku.edu.sa (T.M. Yunus Khan), sshahul@kku.edu.sa 

(S. Mohamed Shamsudeen), 01fe19bbt006@kletech.ac.in (H.N. Kolvekar).  

HOSTED BY Contents lists available at ScienceDirect 

Saudi Journal of Biological Sciences 

journal homepage: www.sciencedirect.com 

https://doi.org/10.1016/j.sjbs.2024.104009 
Received 8 April 2024; Received in revised form 27 April 2024; Accepted 3 May 2024   

mailto:01fe21rbt003@kletech.ac.in
mailto:zabin@kletech.ac.in
mailto:mtatagar@kku.edu.sa
mailto:sshahul@kku.edu.sa
mailto:01fe19bbt006@kletech.ac.in
www.sciencedirect.com/science/journal/1319562X
https://www.sciencedirect.com
https://doi.org/10.1016/j.sjbs.2024.104009
https://doi.org/10.1016/j.sjbs.2024.104009
https://doi.org/10.1016/j.sjbs.2024.104009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sjbs.2024.104009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Saudi Journal of Biological Sciences 31 (2024) 104009

2

pyrolisins. The subtilisins family has been separated into many sub-
categories: original subtilisins, exceptionally alkaline proteases, within 
the cell’s proteases, intermediate subtilisins, as well as high-molecular- 
weight subtilisins. Interestingly, patent research stresses the beneficial 
effects using subtilisin produced by Bacillus sp. across numerous fields. 
User Serine proteases constitute one of the most extensively studied 
enzyme classes, featuring two predominant superfamilies: subtilisin-like 
proteases (SLPs) and trypsins. Both superfamilies share a common cat-
alytic triad (Asp-His-Ser), a structural motif believed to have evolved 
independently through convergent evolution. The designation “serine 
proteinases” is attributed to subtilisins and related proteolytic enzymes 
due to the involvement of the amino acid residue Ser-221 in executing 
the nucleophilic attack (Bryant et al., 2009; Rozanov et al., 2021). En-
zymes retrieved from microbes in surroundings characterized by intense 
pH levels, conditions of temperature, along with salinity offer tremen-
dous potential for addressing requirements in industry. This is evident in 
the increasing identification of newly characterized subtilisins show-
casing polyextremophilic properties (Mokashe et al., 2018). Beyond 
that, a research investigated the characterization of new robust sub-
tilisins generated through halotolerant as well as halophilic microbes, 
given the rising need for innovative biocatalysts in the enzyme market 
(Falkenberg et al., 2023). Similarly, another study concentrated on 
building subtilisin proteases, which preferentially destroy the active 
version of rat sarcoma oncoprotein (RAS) via targeting a conserved 
location (Chen et al., 2021). These recent references provide insights 
into various aspects of subtilisin, including its production, versatility, 
and engineering for specific applications. Several subtilisins and its 
similar molecules have identical industrial applications. The protease- 
deficient B. subtilis strain WB600 expresses Subtilisin DFE, a fibrino-
lytic serine proteinase (Peng et al., 2004), which acts as a thrombolytic 
agent. Other fibrinolytic enzymes like serine protease from B. subtilis 
C10 (Thu et al., 2020) and an enzyme extracted from B. velezensis BS2 
exhibits strong fibrinolytic activities (Yao et al., 2019). Another dis-
covery of serine proteinase named bafibrinase produced by Bacillus sp., 
revealed to exhibit potential thrombolytic and anticoagulant attributes 
(Mukherjee et al., 2012). As post-genomic approaches improve, 
economical microbial medications are increasingly replacing animal- 
derived pharmaceuticals. The quest for strains expressing proteases 
with strong fibrinolytic, thrombolytic, as well as anticoagulant capa-
bilities is significant. Bacillus proteinases might be exploited to produce 
thrombolytic medicines (Danilova and Sharipova, 2020). Keratinolytic 
bacteria can be an environmentally friendly tool for enhancing sus-
tainable agriculture, agricultural ecosystems, human wellness, soil 
biology, along with the surroundings. Bacterial keratinases are serine- 
type proteases with optimal function at pH 6–9 and 30–50 ◦C (Tamrei-
hao et al., 2019). Varied approaches from molecular biology have been 
implemented in addition to standard strategies for screening bacteria 
carrying unique and fascinating proteases from varied environments. 
Metagenomic assessment, directed evolution, and site-directed muta-
tions are instances of such techniques that have been employed to alter 
or design various proteases with enhanced or unique properties. In 
addition to these resource-intensive methodologies, the process of 
genome sequencing and automated annotation contributes potential 
sequences to the swiftly expanding online database. This introduces a 
complementary approach to picking protease genomes suited for com-
mercial applications (Falkenberg et al., 2022). 

Immobilization is an important technique in various fields, offering 
several advantages and employing different approaches. Because 
immobilized enzyme systems are heterogeneous, they enable for facile 
recovery of the two enzymes and products, numerous enzyme reuses, 
perpetual operation of processes involving enzymes, instantaneous 
dismissal, and improved adaptability in fermenter architectures. 
Immobilizing enzymes or proteins shields them against adverse condi-
tions in the environment, for instance rising temperatures in addition to 
excessive pH numbers, enhancing their stability and life expectancy. 
Even with minimal enzyme loading, the outcomes of binding the 

protease onto support material under circumstances involving quick or 
gradual immobilization should produce a completely different outcome. 
However, at lower immobilization efficiency circumstances, the enzyme 
is able to circulate in the particle’s porosity prior to becoming immo-
bilized. This manner, enzyme will eventually spread on the backing 
surface, offering a greater proportion of the enzyme’s active components 
rather than when the enzyme immobilizes so rapidly that the enzyme 
molecules become compressed together, producing a crown at the very 
start of the supporting openings (Tacias-Pascacio et al., 2021). More-
over, immobilization enables the use of enzymes and other sensitive 
compounds that are otherwise untenable due to their instability under 
certain factors like pH, temperature, and organic solvents (Hassan et al., 
2019). Enzyme immobilization approach effectively inactivates water- 
soluble enzymes. Enzyme confinement refers to an aspect (matrix/sup-
port) that is distinct from the ones found in substrates and products. 
Enzyme covalent immobilization with solid support assists in ensuring 
proteins align properly by interacting to specific amino acid sites. 
Compared to previous immobilization approaches, this enables for more 
precise protein arrangement. Covalent immobilization involves func-
tional structures that attach enzymes to water-insoluble carriers, pre-
serving their respective effective conformation and location 
(Mohammadi et al., 2015; Wahba and Hassan, 2017). The utilization of 
an immobilized enzyme may not always be necessary, aside from 
meeting economic requirements in the process. Starting out, the 
expenditure of enzymes were incongruent with the single-cycle utiliza-
tion of digestive enzymes, necessitating the introduction of heteroge-
neous biological catalysts to permit enzyme regeneration and render the 
technique profitable (Bolivar et al., 2022). Immobilization procedures 
are largely organized into two distinct groups: physically and chemically 
based approaches. Physical techniques are distinguished by the presence 
of mild monovalent connections such as bonding of hydrogen, van der 
Waals pressures, hydrophobic relations, specificity binding, ionic 
adherence, or mechanical confinement of the enzyme within the struc-
ture of support. Chemical approaches entail the formation of covalent 
connections involving the enzyme’s structure alongside the backing 
substance through ether, thioether ether, amide, or carbamate in-
teractions. Adsorption, covalent binding, entrapment, encapsulation, 
and cross-linking are the five main strategies for immobilizing enzymes 
(Brena et al., 2013; Hassan et al., 2019; Wahba and Hassan, 2017). 
Entrapment by sodium alginate is one of the feasible methods. The 
gelation mechanism involves an ionic exchange process in which the 
sodium within the alginate undergoes exchange with calcium II present 
in the gelling medium. This exchange leads to the creation of linkages 
between linear chains, originating in to the creation of an insoluble 
gelatin featuring a form that is spherical. Only the G-blocks in alginate 
are thought to engage during intermolecular communication with cat-
ions that are divalent, such as Ca2+, during hydrogel formation. The 
physical characteristics of hydrogels are heavily influenced by the M/G 
ratio, G-block size, a sequence, and molecular composition of the 
polymer (George and Abraham, 2006). Alginate’s discovery has led to 
significant research and advancement of its use for immobilization 
(Mohd Hussin et al., 2020). The stability of the enzyme can be enhanced 
without any activity loss through enzyme entrapment since there does 
not exist chemical connection amongst the enzyme and the base sub-
stance. In this approach, the crucial component is choosing of the sup-
porting substance along with the size of pores, both of which have an 
impact on the relationships that occur within the enclosed enzyme and 
the substrate that is employed in the process. The advantage of this 
technique is that the enzyme freely moves inside the support carrier. The 
entrapment technique offers a range of benefits, such as a high capacity 
for loading enzymes, cost-effectiveness in fabrication, improved me-
chanical stability of entrapped enzymes, along with reduced transfer of 
mass limitations. Additionally, it provides the flexibility to modify the 
encapsulation component to achieve an optimal microenvironment, 
ensuring the desired pH, polarity, or amphiphilicity (Costa et al., 2004; 
Maghraby et al., 2023; Mohamad et al., 2015). Immobilization 
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facilitates the increase of enzyme properties which include action, 
reduction of suppression due to the byproducts of reaction and metallic 
ions, equilibrium, and specificity toward the substrate. Additionally, 
immobilization can inhibit constituent disengagement in multimeric 
enzymes. 

Nanomaterials play a crucial role in addressing significant chal-
lenges. The term “nanomaterial” pertains to a size on the scale of a 
trillionth of a meter, commonly referred to as a nanometer. Nano-
materials find extensive applications in environmental monitoring, 
biomedicine, pharmaceuticals, optoelectronics, textile industry and 
cosmetics. These small nanoparticles affect their physical properties in a 
variety of ways, such as boosting their volume-to-surface-area propor-
tion and influencing particle size through quantum features (Naseem 
and Durrani, 2021). In contemporary advanced materials, the aspect, 
dimensions, and configuration in the synthesis of metal nanoparticles 
hold considerable significance. Nanoscale metal oxides exhibit 
numerous exceptional properties, like extended removal capacity and 
selectivity for heavy metals. They have tremendous promise as pro-
spective heavy metal adsorbents. Metal oxide-based nanoparticles 
encompass oxides of manganese, nanosized iron, titanium, cerium, zinc, 
magnesium, aluminum, and zirconium (Dreaden et al., 2012; Gehrke 
et al., 2015). The encapsulating agent is a molecule with amphiphilic 
characteristics, consisting of a head group that is polar with a non-polar 
in nature hydrocarbon end. As a result of its amphiphilic character, these 
substances impart functioning along with enhanced interoperability 
with an additional phase. Various categories of encapsulating agents 
have been utilized in the generation of nanoparticles, encompassing 
surfactants, diminutive ligands, polymers, dendrimers, cyclodextrins, 
and polysaccharides (Radini et al., 2018). In the creation of nano-
particles, the inclusion of capping or stabilizing agents is imperative to 
augment their biomedical efficacy. This is accomplished by diminishing 
the toxic effect simultaneously boosting their biological suitability in 
addition to bioavailability amongst cells that are alive. These com-
pounds serve a significant function in averting the formation involving 
groupings of nanoparticles, enhancing their colloidal stability, and 
regulating the uncontrolled expansion of nanoparticles, notably in the 
instance of metallic and oxides of metal nanomaterials. Closely exam-
ined for their applications in biomedicine, capped nanoparticles have 
garnered significant attention, particularly for their roles in antimicro-
bial, antioxidant, anticancer, and antidiabetic activities (Hola et al., 
2015). Magnetic nanoparticles (MNPs) exhibit superparamagnetism, a 
size-dependent feature helpful for manipulating them with an external 
magnetic field. When the magnetic field is removed, these particles lose 
their residual magnetism. This property has led to the creation of 
biomolecule-nanoparticle (bio-NP) hybrids that are utilized in biological 
applications such as disease diagnostics and therapy (Masi et al., 2018). 
Previous studies have indicated that nanoparticle-based antimicrobial 
formulations could serve as a potent antibacterial agent. Based on the 
discoveries made, it can be asserted that the antimicrobial properties of 
nanoparticles are solely contingent on their physical characteristics. 
This involves the adhesion of nanostructures onto the structure of the 
cell barrier, their association with it, including the denatured state of the 
cell exterior proteins. As a result, these actions create permeable mem-
branes and substantially alter the internal makeup of the membrane of a 
cell. Ultimately, it improves the porousness of the cellular membrane, 
which facilitates the passage of extracellular fluids into the cell (Zhai 
et al., 2017). Numerous nano-enabled methods are proposed to advance 
yields of crops and support the essential rise of supplies for nourishment, 
livestock, and fuels while adhering to sustainable agriculture. Nano-
particles are regarded as “magic-bullets” for improving agricultural ef-
ficiency as they include nutrients, essential genes, and naturally 
occurring compounds that may be adjusted to specific plant structures or 
locations (Bamal et al., 2021). As previously described by (Milanezi 
et al., 2019), gold that were attached (Au) nanoparticles undergo surface 
functionalization via the encapsulation with quercetin, with the purpose 
of augmenting the accessibility associated with the molecule and, 

subsequently, its antioxidant activity. The antioxidant activity of quer-
cetin capped with gold nanoparticles is assessed through nitric oxide 
(NO), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2′-azino-bis (3-eth-
ylbenzothiazoline-6-sulfonic acid) (ABTS) free radical scavenging as-
says. This phenomenon can be ascribed to the modifications in the 
surface topology and nanoparticle size significantly contributing to the 
enhancement of their biological properties. Antioxidants neutralize free 
radicals that produce oxygen compounds that are reactive (ROS), 
including nitric oxide (NO), radicals of hydroxyl (OH− ), and superoxide 
anion (O2

− ), acting as a defensive mechanism in healthy organisms 
(Bedlovičová et al., 2020; Javed et al., 2020). Metal or metal oxide 
nanoparticles derived from plant sources exhibit notable effects on 
various cancer cell lines, including but not limited to Hela, Hep 2, and 
HCT 116 cell lines. The silver nanoparticles synthesized through bio-
logical means-initiated alterations in the cell cycle and enzymes within 
the bloodstream. Additionally, nanoparticles govern the generation of 
radicals that are free within the cell’s membrane. Typically, radicals that 
are unstable are responsible for the acceleration of cell growth and the 
impairment of how cells normally operate. The controlled presence of 
gold nanoparticles induces the apoptosis mechanism in tumor cells 
(malignant cells). The incorporation of nanoparticles made of metals 
and metal oxides in medical science has shown usefulness in identifying 
and treating various kinds of cancer cells (Akhtar et al., 2013; Bukhari 
et al., 2021; Das et al., 2013). 

Furthermore, there exists a dearth of transparency on the biochem-
ical features associated with unbound and immobilized recombinant 
subtilisin, particularly when it comes to immobilization method 
involving purified recombinant protein, as explored in the current study. 
From an economic standpoint, the unfettered recombinant subtilisin is 
costly, but opting for the immobilization of recombinant subtilisin using 
alginate was chosen for its straightforward retrieval, simplicity, cost- 
effectiveness, and the absence of chemical waste generation. The 
impact of specific factors on the immobilization process, such as various 
surfactants, organic solvents, inhibitors and detergents of the alginate- 
subtilisin beads, were also investigated. Nanoparticles composed of Ag 
and ZnO, coupled with recombinant subtilisin under capping, under-
went synthesis and biological assessment, encompassing evaluations of 
their antibacterial, antioxidative, and cytotoxic properties. The encap-
sulated nanostructures have been further investigated by deploying the 
Fourier transform of infrared spectroscopy (FTIR), thermogravimetric 
analysis (TGA), atomic force microscopy (AFM) and scanning electron 
microscopy (SEM) combined with energy dispersive X-ray spectroscopy 
(EDS). The current investigation has unveiled noteworthy and impres-
sive immobilization studies and assessment, biological activities, as well 
as the behavior of nanoparticles in the presence of purified recombinant 
subtilisin. This prompts further exploration of its potential applications 
in the healthcare sector. 

2. Materials and methods 

2.1. Chemicals and microbial cultures 

The ingredients administered in this current study were procured 
from Sigma-Aldrich Pvt Ltd. (USA) and Merck and Co. Inc. (USA). The 
test organisms deployed in the antibacterial investigations, including 
Pseudomonas aeruginosa (MTCC 2297), a strain of Salmonella typhimu-
rium (MTCC 98), bacterium Bacillus licheniformis (MTCC 429T), a strain 
of Bacillus cereus (NCIM 2217), the Escherichia coli strain (MTCC 443), 
and the bacterium Staphylococcus aureus (MTCC 737), have been pro-
cured from two sources: the National Collection of Industrial Microor-
ganisms (NCIM), Pune, and the Microbial Type Culture Collection and 
Gene Bank (MTCC), Chandigarh. Furthermore, cytotoxic examinations 
have been conducted utilizing the cell lines of MCF-7 breast cancer. Goat 
hide and sheep blood were obtained from a local butcher shop. A sub-
tilisin gene optimized for codon usage was synthetically created based 
on the identified Bacillus subtilis sequence. The gene was effectively 
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introduced into E. coli DH5α cells, followed by induction for robust 
expression at high levels in E. coli BL21 (DE3). The findings of the pre-
vious study contributed to advancing the development of a highly effi-
cient purified recombinant subtilisin to be assessed for its biochemical 
characterization, immobilization kinetics and synthesis of nanoparticles 
and its bioanalytical characterization in the current study (Shettar et al., 
2023b). 

2.2. Protease (Casein) assay 

Casein assay was assessed by measuring the liberation of free tyro-
sine residues through the hydrolysis of casein. A formulation which 
included 0.5 mL about completely processed recombinant subtilisin in 
addition to 0.5 mL of casein protein powder (around a dosage of 10 mg/ 
mL) was made up using glycine-NaOH solution (with a pH 10, at 100 
mM dosage). The combination was subsequently left to incubate about a 
ten-minute period at 80 ◦C. The reaction had been inhibited with the 
incorporation comprising 2.5 mL holding a solution with a concentra-
tion of 10 % of trichloroacetic acid (TCA), while maintaining the solu-
tion intact for 30 min at ambient temperature. To extract the precipitate, 
the combined product was spun down for fifteen minutes at 10,000 
revolutions per minute (rpm). 0.5 mL from the translucent supernatant 
had been combined into 2.5 mL sodium carbonate in addition to 0.5 mL 
Folin-Ciocalteu’s phenolic ingredient, pursued by additional incubation 
at the temperature of the room over 30 min. The absorption coefficient 
at 660 nm was taken into account employing a spectrophotometer 
equipped with an UV–Vis. The minimal quantity of subtilisin perfor-
mance is a portion of the enzyme whose services emits 1 μM of tyrosine 
(an amino acid) each minute under the right circumstances for testing 
(Mechri et al., 2021; Muhammed et al., 2021). 

2.3. Subtilisin assay 

The chemical-based peptide (N-Suc-F-A-A-F-pNA) (track code S2628, 
Sigma Aldrich) was utilized for the assessment of subtilisin activity. To 
start the chemical process, a 200 μL combination containing enzyme 
suspension of 30 μL, 30 μL comprising of the chromogenic peptide, 
together with 140 μL 20 mM Tris-HCl (pH 7.4) was left to react around 
37 ◦C over 30 min. The quantity of emitted p-nitroaniline was assessed 
using spectrophotometry that measures ultraviolet light at an emission 
wavelength of 405 nm. Under typical laboratory settings, a single 
enzymatic reaction on a chemically synthesized peptide may be char-
acterized as a particular quantity of digestive enzyme that yields 1 µmol 
about p-nitroaniline every minute (Couto et al., 2022; Shettar et al., 
2023a). 

2.4. Protein quantitation 

The BCA protein detection pack was implemented to determine the 
overall unbound protein quantity (in milligrams) containing subtilisin, 
utilizing conventional bovine serum albumin (BSA) as a baseline. The 
examination had been executed in threefold followed by outcomes 
offered in the form of mean concentration (mg/mL) ± variance by 
standard deviation (Bagewadi et al., 2017; Shettar et al., 2023a). 

2.5. Immobilization of recombinant subtilisin 

2.5.1. Sodium alginate entrapment method 
The beads’ consistency was investigated using sodium alginate 

immobilization. 3 g of sodium alginate were solubilized in distilled 
water (100 mL) to generate 3 % solution. One mL of processed recom-
binant subtilisin was appended to ten mL of ready sodium alginate so-
lution and the tube has been flipped two to four times to ensure uniform 
dispersion. To that aim, the subtilisin and carrier combination was 
progressively dispensed from a height of ~15 cm with a 10 mL syringe 
into a chilled solidifying buffer of 0.2 M calcium chloride while stirring 

on a magnetic motor. The newly formed beads received a treatment to a 
curing procedure inside a refrigerator at 4 ◦C for an uninterrupted period 
of an hour. The solidified beads thus produced underwent two to three 
wash cycles with distilled water that is sterile and were then preserved at 
4 ◦C in distilled water, until required. All experimental procedures were 
executed with aseptic precision within a laminar flow hood (Nadeem 
et al., 2020). The Ca-alginate beads with immobilized recombinant 
subtilisin were evaluated for the percentage of immobilization yield 
using the following equation (1): 

Immobilization yield % =

(
Catalytic activity immobilized subtilisin

Catalytic activity of free subtilisin

)

× 100
(1)  

2.6. Biochemical analysis of pure genetically modified subtilisin, including 
free and immobilized 

2.6.1. Investigation of the ideal pH, temperature, as well as durability of 
immobilized subtilisin 

The examination encompassed the exploration of the influence of pH 
levels, various temperature and amount of substrate on the subtilisin 
functionalities of immobilized subtilisin. The assessment of optimum 
pH, temperature and its stability for free recombinant subtilisin was 
studied and reported previously (Shettar et al., 2023b). To investigate 
the consequences regarding the pH level on subtilisin effectiveness and 
stability, the experiment mix was subjected to incubation for 30 min 
across a spectrum of various buffers, encompassing a pH range of 3–12, 
containing casein as a substrate (Shettar et al., 2023b). The buffering 
agents employed included a buffer made of acetate (with a pH 3–5), 
sodium a buffer consisting of sodium phosphate (pH level 6–8), in 
addition to glycine-NaOH solution (pH range: 9–12). The durability of 
immobilized subtilisin under different pH conditions had been assessed 
by subjecting it to incubation for 20 h at pH 9,10 and 11 and 35 ◦C. 
Portions were taken at constant 2-hour intervals, along with the 
remaining subtilisin activities was determined and transmitted as the 
relative subtilisin activities (Mechri et al., 2022). 

The most suitable temperature for the encapsulated subtilisin has 
been identified through an acceptable temperature range between 
30–90 ◦C pursuant to a pH of ten (using glycine-NaOH buffer) and in 
presence of 2 mM Ca2+ over a 30-minute duration with casein as the 
substrate. The effectiveness of subtilisin in the absence of any sort of 
additive was adopted as a measure of control. The thermal endurance of 
immobilized subtilisin was evaluated over frequent 2-hour frequencies 
for its relative activity, treating it to temperatures that varied between 
65 and 85 ◦C throughout a 20-hour timeframe (Qamar et al., 2020). 

2.6.2. Storage and reutilization of immobilized subtilisin 
The stability during storability of unbound subtilisin and calcium 

alginate immobilized subtilisin beads were examined at temperatures of 
4 ◦C and ambient temperature (25–27 ◦C). The remaining activities of 
the sample were measured periodically over a duration of 2 months with 
15 d interval. 

By recovering the sodium alginate immobilized subtilisin beads 
throughout numerous cycles, the working durability of the immobilized 
subtilisin was reviewed. During the recycling process, the beads were 
rinsed using water that had been deionized in order to eliminate su-
perfluous substrate as well as leftover reaction byproducts. The rejuve-
nated subtilisin beads, whether encapsulated, were then utilized in the 
subsequent cycle. A fresh preparation of the substrate was made on each 
cycle. The encapsulated subtilisin beads’ original enzyme function was 
estimated to be 100 % (Mechri et al., 2022; Sattar et al., 2018). 

2.6.3. Utilizing free and immobilized recombinant subtilisin for surfactant, 
metal ion, additives, and organic solvent determination 

For the purpose of investigating the consequences of surfactants 
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(Tween 40, Tween 80, Triton X-100, the peroxide form of hydrogen, 
along with Sodium Dodecyl Sulphate) of a concentration of 1 % affecting 
the durability of unbound and immobilized subtilisin, the sample was 
pre-incubated with each surfactant lasting 30 min. Subsequently, a 
subtilisin assay was assessed ensuing the previously described procedure 
(Muhammed et al., 2021). 

To investigate the implications of multiple metal ions on the func-
tioning of the two types of independent and immobilized subtilisin, 
metallic ions (ferrous sulfate, magnesium sulfate, sodium chloride, po-
tassium chloride, calcium chloride, zinc sulfate, copper sulfate) were 
introduced to the enzyme at a dosage of 0.5 M and incubated for 30 min. 
The relative activities were measures using subtilisin assay (Bhatt and 
Singh, 2020). 

To investigate the impression of additives on both unbound and 
immobilized subtilisin, the sample was pre-incubated with 1 M con-
centrations of DTT, PMSF, β-mercaptoethanol, and EDTA for 30 min. 
The relative activity was then calculated through the casein assay (Yang 
et al., 2020). The control was termed as untreated. 

To look into the implications of solvents that are organic upon sub-
tilisin action, the recombinant subtilisin had been pre-incubated over a 
period of thirty minutes containing 10 % by volume of the following 
solvents: ethyl acetate, ethanol, methanol, chloroform, glycerol, along-
side benzene. The relative efficiencies were computed, with the activity 
of the control set as 100 % (Bhatt and Singh, 2020). The subtilisin ma-
nipulations have been administered in triple quantities, and the outcome 
data is shown as the average ± deviation from the norm. 

2.6.4. Effect of substrate specificity on immobilized recombinant subtilisin 
beads 

The hydrolytic capability of calcium alginate immobilized recombi-
nant subtilisin was quantified according to conventional conditions for 
testing by employing an assortment of substrates, the protein casein 
(normal), azo-casein (improved), N-acetyl-L-tyrosine ethyl ester mono-
hydrate (ATEE), N-benzoyl-L-tyrosine ethyl ester (BTEE) (esters), 
alongside a synthetic peptide such as N-Suc-F-A-A-F-pNA. The substrate 
specificity of free recombinant subtilisin has been reported earlier 
(Shettar et al., 2023b). The interactions of recombinant subtilisin with 
each of the substrates were carried out using the established conven-
tional assay practice outlined earlier (Mechri et al., 2022). In the sce-
nario of the azo-casein base, determining a single molecule of subtilisin 
performance entailed the capability of the enzyme to catalyze the hy-
drolysis of azo-casein, culminating in a noticeable 0.01 increase in the 
absorbance coefficient pursuant to the prescribed test environment. For 
synthetic peptide, refer section 2.3 to calculate the subtilisin assay. In 
the context of the BTEE substrate, a single instance of subtilisin func-
tionality (either esterase or amidase) has been described as that of a 
particular amount of enzyme that results in an alteration in absorbency 
at a rate of 0.001 every minute given normal testing parameters (Shettar 
et al., 2023b). 

2.6.5. Kinetics of calcium alginate immobilized subtilisin 
The kinetics, which include the Michaelis-Menten ratio (Km), the 

highest velocity (Vmax), turnover number (kcat), and kcat/Km, have been 
estimated applying the Lineweaver-Burk diagram using the suggested 
equation (Kerouaz et al., 2021). Kinetic parameters for the free recom-
binant subtilisin using casein and synthetic substrate has been reported 
previously by Shettar et al., (2023b). Kinematic coefficients were 
established making use of the casein protein along with synthetic pep-
tide as bases at doses ranging from 0.1 to 10 mM based on normal 
experiment protocols. 

The turnover number (kcat) was determined utilizing the subsequent 
equation: 

kcat =
Vmax

[E]
(2)  

where [E] reflects the level of enzyme concentration that is active 
whereas Vmax marks the absolute maximum velocity. 

2.7. Biosynthesis of silver and oxide of zinc nanoparticles employing 
recombinant subtilisin alongside UV–Vis spectroscopic analysis 

Silver nitrate preparations having dosages of 5 mM, 10 mM, as well 
as 50 mM were meticulously created under perpetual stirring on a stirrer 
with a magnetic field. For each concentration, a combination of 0.5 mL 
of undiluted recombinant subtilisin plus 4.5 mL of a solution containing 
silver nitrate was generated then underwent incubation throughout the 
surrounding temperature over a period of thirty minutes whilst being 
exposed to UV light. Subsequently, the mixture underwent microwave 
heating for a duration of 30 s to observe for a difference of color from 
colorless to brown denoting the presence of nanoparticles generated. 
The ultraviolet (UV)-visible spectroscopy approach was implemented to 
establish the wavelength associated with the silver nanoparticle (AgNP) 
solution. The harvested AgNP were segregated through spinning at a 
speed of 10,000 revolutions per minute for a span of 10 min to eliminate 
the unbound metals and subsequently desiccated for further character-
ization. The silver nanoparticles obtained in this manner were capped 
with recombinant subtilisin and, consequently, referred to as “subtilisin- 
capped AgNP”. This method was previously explained by Sidhu and 
Nehra (2021). 

Subtilisin-capped zinc oxide nanoparticles (ZnONP) were generated 
employing recombinant subtilisin in a reaction according to the tech-
nique explained by Jeyabharathi et al., 2022, which included the 
amalgamation of 10 mM zinc acetate dihydrate (700 μL) plus 300 μL 
containing recombinant subtilisin. The reaction underwent incubation 
at 55 ◦C for a duration of 15 min, succeeded by an additional period of 
incubation at room temperature for 4 h. At regular intervals, portions of 
the reaction solution were withdrawn and analyzed using UV–Visible 
spectroscopy to measure the surface plasmon resonance during the 
synthesis of ZnONP. The sediment was harvested through centrifugation 
at 15,000 revolutions per minute for a 15 min span, and subjected to two 
washes with deionized water. Following this, ethanol was used for an 
additional wash to eliminate any organic residues. The collected sedi-
ment subsequently airflow-dried inside a blast of air oven around 50 ◦C 
until 20–24 h before being stored for sequential evaluation. Thus, both 
the subtilisin-capped nanoparticles were utilized for further functional 
and analytical characterizations. 

2.8. Characterizing the functionality of nanoparticles capped with 
recombinant subtilisin 

2.8.1. Assessing antibacterial activity (AMA) along with determining 
minimal inhibitory concentration (MIC) utilizing nanoparticles capped with 
recombinant subtilisin 

The well-known agar well diffusion approach had been utilized to 
examine the antibacterial response of recombinant subtilisin encapsu-
lated nanomaterials (Ag and ZnO) in order to minimize the growth of the 
two types of bacterial test strains (Sidhu and Nehra, 2021). Pathogenic 
test strains utilized in this experiment were B. cereus, S. aureus and 
B. licheniformis (Gram positive) and S. typhimurium, E. coli and 
P. aeruginosa (Gram negative). The pathogenic varieties were raised 
18–24 h in Luria Broth (LB), and on the subsequent day, each freshly 
developed culture (100 µl) was evenly disseminated on a plate con-
taining Luria Agar (LA). Wells in the aforementioned plates were 
punched utilizing a sterile well borer (6 mm) for the inclusion of the test 
solutions of recombinant subtilisin bound AgNP and ZnONP. Following 
an overnight incubation at 37 ◦C in upright locale, the extent of the 
inhibition zone width, which extends outward transversely around the 
wells, was measured. The positive control used was cefixime at a dosage 
level of 5 μg/mL. 

MIC is characterized as the smallest quantity of the sample to be 
tested, required to impede the development of the targeted 
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microorganisms. MIC value shows an inverse correlation with the 
effectiveness against microbes; the greater the MIC, the weaker the 
antimicrobial efficacy. To analyze the inhibitory concentration (MIC) of 
recombinant subtilisin bound AgNP as well as ZnONP at 50 mM each, 
microbroth dilution approach was implemented, adopting the recom-
mendations specified as per the Institute for Clinical and Laboratory 
Standards (CLSI). To achieve the rapid development stage, test micro-
organisms were cultured in Mueller-Hinton medium then retained at 
night in 37 ◦C with steady rotation at 150 revolutions per minute. In 
order to obtain an appropriate cell count (107 CFU/mL), the incubated 
cells were diluted. Diverse sample concentrations of recombinant sub-
tilisin bound AgNP and ZnONP were added to the culture media and 
underwent incubation for a period of 24 h at 37 ◦C temperature. The 
wavelength at 600 nm spectrophotometrically measured the turbidity 
which demonstrated the inhibitory effect of all the samples on the test 
pathogens. The negative control comprises culture broths that have not 
been infected, whereas the positive control contains culture broths that 
have not had any samples incorporated into them (Bagewadi et al., 
2019; Shettar et al., 2023a). 

2.8.2. Antioxidant activity of recombinant subtilisin capped nanoparticles 

2.8.2.1. Assessment of α, α-Diphenyl-β-picryl-hydroxyl (DPPH) radical 
scavenging property. The free radical scavenging evaluations for recom-
binant subtilisin conjugated nanoparticles of silver (AgNP) at a con-
centration of 50 mM and nanoparticles of zinc oxide (ZnONP) with a 
concentration of 50 mM were carried out utilizing the approach that was 
followed by Alahdal et al. (2022). Briefly, each sample (AgNP and 
ZnONP) at concentrations spanning 5–50 mM underwent a reaction with 
freshly prepared 1 mL of 0.135 mM DPPH (reinforced in methanol). The 
incubation occurred at 25 ◦C in darkness for a period of 30 min. A 
spectrophotometer equipped with an UV–Vis was deployed to determine 
the wavelength absorbed throughout the chemical reaction, whose 
wavelength was 517 nm. The percentage of scavenging activity was then 
computed by equation (3), with ascorbic acid at a concentration of 1 mM 
serving as the standard. 

Scavenging activity (%) =

(
Ac − As

Ac

)

× 100 (3)  

where (Ac) corresponds the absorbance of control, and (As) denotes 
absorbance corresponding to sample. 

2.8.2.2. Assessment of 2,2-azino-bis-3-ethylenebenzothiozoline-6-sulfonic 
acid (ABTS) activity. The previously published approach was utilized 
to investigate the ABTS-scavenging efficiency of recombinant subtilisin 
bound AgNP (50 mM) as well as ZnONP (50 mM) (Ashokbhai et al., 
2022). In the absence of light, the reaction that occurred involving ABTS 
along with the potassium persulfate solution took 16 h and yielded an 
optical density equal 0.70 at about 734 nm. 0.5 mL of the two samples 
(AgNP and ZnONP) had been combined along with 2 mL of ABTS to yield 
an aggregate quantity of 2.5 mL. This mixture was left to develop at 
25 ◦C until 30 min. The wavelength of light absorbed via the chemical 
process was subsequently measured at 734 nm. The capability to scav-
enge was determined for each respective sample over a timeframe 
ranging from 12 to 60 h. The benchmark for this assessment was 
Butylated hydroxytoluene (BHT) (Shettar et al., 2023a). 

2.8.3. Assessing of anticancer effects by 3-(4, 5-dimethylthiazol2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay utilizing recombinant subtilisin- 
capped nanoparticles 

The MTT technique was applied to evaluate the in vitro cytotoxicity 
of recombinant subtilisin-capped nanoparticles (Ag and ZnO) upon 
breast cancer cells derived from humans MCF-7 line of cells. To 
accomplish this, a 96-well microplate was employed, and 5000 cell/well 
of cancer cell lines were sown and incubated for an impressive 24-hour 

duration. To address the cells, diverse concentrations of subtilisin 
bounded by AgNP and ZnONP were employed over a 48-hour period. 
The concentration range spanned from 3.125 to 100 µg/mL. Following 
the treatment, the medium had been removed and the cells went 
through washing utilizing a solution of PBS, which stands for phosphate- 
buffered saline. The cultured cells received treatment for a total of four 
hours by MTT (0.5 mg/mL) inserted into every single well. A dimethyl 
sulfoxide (also known as DMSO) solution had been employed for scat-
tering the newly generated formazen granules while the absorbance 
spectra at 570 nm had been determined employing a microplate reader 
with make of BioTek Epoch 2. The treated cancerous cells those weren’t 
exposed to any chemicals had been designated as the control group, 
exhibiting 100 % survival of the cells. The absorption frequency of the 
cells that were treated were then correlated in order to determine the 
cell’s longevity, whereas doxorubicin served as the reference medica-
tion. All experiments were conducted three times (P et al., 2021). 

2.9. Analytical characterization 

2.9.1. HPLC analysis of recombinant subtilisin 
The HPLC analysis involved examining 10 μL of the purified re-

combinant subtilisin using a column with 150 mm × 4.6 mm di-
mensions, and a of 4 μm (particle size) (Agilent Technologies High- 
performance liquid chromatography 1260 Infinity II). A variable 
wavelength detector (VWD) tuned to 250 nm was employed for detec-
tion. The samples underwent separation through a multistep linear- 
gradient method using methanol, along with distilled water (70:30, v/ 
v) as solvents. The separation occurred under an average flow speed of 
0.5 mL every minute with a pressure range of 0–400 bar throughout a 
30-minute period (P et al., 2021). 

2.9.2. FTIR detection of recombinant subtilisin capped nanoparticles 
Infrared spectroscopy using the Fourier transform (FTIR) was con-

ducted by employing the FTIR Spectrometer Nicolet, 5700 in order to 
investigate the spectrum of wavelengths that exhibit the nature of 
chemical connections along with probable groups with functional 
properties identified in nanoparticles made of Ag and ZnO. Utilizing the 
potassium bromide (KBr) technique, the samples were compacted and 
grounded to pellets, and used for analysis. A spectral range spanning 
4000 to 400 cm− 1 was employed, with a resolution set at 1.0 cm− 1 

(Jeyabharathi et al., 2022). 

2.9.3. SEM with EDS evaluation of recombinant subtilisin capped 
nanoparticles 

SEM-EDS (JEOL manufacture, JSM-IT500L) furnishes information 
regarding the exterior morphological characteristics, construction, 
chemical content, including orientation of the material being examined. 
The dehydrated samples were subjected to an electron beam, yielding 
the image and size information of AgNP and ZnONP (Bagewadi et al., 
2020a; S. Ibrahim et al., 2021). 

2.9.4. TGA of recombinant subtilisin coated nanoparticles made of Ag and 
ZnO 

TGA was performed on recombinant subtilisin bounded by AgNP and 
ZnONP to determine their thermal stability employing an SDT-Q600 
equipment. The crushed nanoparticle specimen underwent heating in 
a nitrogen-controlled chamber at an average rate of 10 ◦C per minute, 
with temperatures fluctuating between 25 and 800 ◦C (Bagewadi et al., 
2020b; Shettar et al., 2023a). 

2.9.5. AFM of recombinant subtilisin capped nanoparticles 
The topical forms and configurations of the two capped nano-

particles had been investigated by the application of AFM by Nanosurf, 
Switzerland. A transparent slide had been coated with a 10 µL droplet 
containing AgNP and ZnONP nanoparticles, resulting in a fine layer. 
Following a brief drying in the air, the outermost layer of the specimen 
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was inspected employing the piezoelectric detector for imaging. The 
object being studied was thereafter scanned through contact mode uti-
lizing a silicon nitride cantilever to thoroughly probe the surface. The 
obtained microscopic pictures were examined using the Easyscan 2 
program (Guilger-Casagrande et al., 2021). 

2.10. Applications of recombinant subtilisin 

2.10.1. Biosurfactant assay by oil spreading method 
The purified recombinant subtilisin was examined for biosurfactant 

activity through oil spreading assay that provides insights into the sur-
factant’s capability to curtail the surface tension of water and enhance 
its interaction with hydrophobic substances like oil. A giant petri tray (9 
cm diameter) was filled with 50 mL of distilled water, then added 25 µL 
with mineral oil. A volume of ten microliters from the recombinant 
subtilisin was applied to the mineral oil surface, and the extent of 
mineral oil displacement by the protein was quantified. Water was used 
as control. The oil spreading area (cm2) was determined. (Adetunji and 
Olaniran, 2021; Zobaer et al., 2023). 

2.10.2. Keratinolytic activities in dehairing of goat hide 
Goat hide was procured from the nearby market and appropriately 

cleansed using distilled water. Small sections of the hide (3 × 3 cm2) 
were submerged in the recombinant subtilisin and subjected to incu-
bation inside an incubator with shaking condition at 40 ◦C at 150 rpm 
for a duration from 4 to 24 h. A small section of hide was also treated 
with 1 % Na2S as a chemical treatment while control was goat hide in 
buffer. Similar incubation was carried out for all the samples. Following 
incubation, the individual parts were soaked in distilled water to get rid 
of excess loosened hair. Throughout the operation, the depilation 
technique was examined by assessing factors that included color, overall 
appearance of the leather, and duration for easy hair removal from the 
hide post treatment was estimated (Li et al., 2022; Sarkar and K, 2020). 

2.10.3. Blood stain removal 
The recombinant subtilisin’s capacity to eliminate stains was 

assessed on 4 cm × 4 cm strips of white cloth made of cotton. These 
fabric fragments were uniformly dyed using 0.5 mL of blood from an 
animal, let to air dry over 18 h, after which they were washed with water 
that had been distilled to eliminate the extra blood. The fabric pieces 
were once more left to air dry and then exposed to various washing 
treatments. A cloth with blood stain was washed with water and set as 
control. A stained fabric section received treatment from a regional 
laundry detergent lacking any intrinsic enzymes. Another piece under-
went application of the subtilisin utilized in this investigation. Ulti-
mately, a single among the stained fabric sections had been cleaned 
utilizing a blend containing detergent and subtilisin. Every single of the 
aforementioned cleansing techniques had to be conducted under 40 ◦C 
for 15 min, then finished with drying in the air. The fabric samples were 
visually examined to determine the effectiveness of stain elimination. 
The untouched soiled cloth portion acted as the control (Hadjidj et al., 
2018; Matkawala et al., 2019). 

2.10.4. Dissolution of blood clot 
Sheep blood (0.5 mL) was obtained from local butcher store and 

placed in centrifuge tubes. The addition of recombinant subtilisin as test 
and distilled water as control was done to two different tubes with 

blood. and the clot lysis was examined. Using a constant incubation 
period of 4 h, the effectiveness of subtilisin was investigated following 
the blood clot dissolution assay protocol. Upon a four-hour period of 
incubation at 37 ◦C, the percentage of the total weight dissociation of 
blood clots had been analyzed for the samples being tested. Following 
spinning the tubes at 20,000 rpm for a duration of fifteen minutes, the 
centrifuge tubes and blood clot (pellet) were weighed (Li et al., 2021; 
Sharma et al., 2019). The clot dissolution rate was evaluated as follows:   

2.11. Statistical analysis 

All assessments were conducted with three independent replicates. 
The mean plus standard deviation of repeated determinations served to 
illustrate the outcomes of the experiment. Observations were deemed to 
be statistically noteworthy with a value of P that were below or in the 
range of 0.05. 

3. Results 

3.1. Characterization of immobilized recombinant subtilisin 

3.1.1. Recombinant subtilisin entrapment in calcium alginate beads 
As reported previously by Shettar et al., (2023b), the recombinant 

subtilisin was expressed within the bacterium E. coli DH5α cells then 
extracted through the technique of affinity chromatography, yielding 
179 U/mL of subtilisin activity. This purified recombinant subtilisin was 
used for further assessment and characterization starting with immo-
bilization using sodium alginate method by entrapment technique. The 
immobilization with Ca-alginate presents numerous advantages due to 
its cost-effectiveness and environmentally sustainable properties. The 
gel formation substance, Na-alginate, can be employed to commence the 
gelling process of alginate and a solution of CaCl2 being the crosslinker. 
The concentrations were optimized with 3 % (w/v) sodium alginate and 
0.2 M CaCl2. A liquid matrix of sodium alginate and recombinant sub-
tilisin formed immediately upon mixing and was dropped in CaCl2, it 
culminated in the development of a robust and stiff gel bead. The 
amalgamation of subtilisin inside the calcium-alginate bead yielded 
subtilisin activity of 170.5 U/mL and the maximum immobilization 
yield of 95.25 % was determined by equation (1). 

3.2. Biochemical analysis of unbound and immobilized recombinant 
subtilisin 

3.2.1. Influence of the pH level and temperature affecting the activity as 
well as durability of immobilized subtilisin 

The major biochemical factors-pH and temperature are consistently 
recognized as crucial factors for assessing the optimal activity of pro-
teins. According to previously reported, the engineered subtilisin 
demonstrated significant activity in the alkaline pH within the interval 
of 9–11, maintaining more than 90 % of its relative effectiveness, while 
reaching its peak efficiency at pH 10. When the recombinant subtilisin 
was immobilized with calcium alginate to form beads, it was subjected 
to pH assessment and stability check. The immobilized subtilisin was 
tested for the pH range of 3–13 which showed greater relative activity 
on the alkaline side (8–12) having >80 % as shown in Fig. 1A. The 
optimal level of pH was found out to be at pH 10 similar to free subtilisin 

Clot dissolution rate =
clot weight prior dissolution − clot weight post dissolution

clot weight prior dissolution
× 100% (4)   
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Fig. 1. Sodium alginate immobilization characterization- (A) Impact of pH (B) pH stability (C) Impact of temperature (D) Temperature stability (E) Storage (F) 
Reusability. 
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with slightly higher relative activity of 100 %. In the pH range of 3–5, 
less than 50 % of relative effectiveness had been noted for immobilized 
subtilisin. The reduction in performance in acidic circumstances might 
stem from alterations affecting the ionic states that surround the en-
zyme’s sites of activity, which alter the molecular structure and folding 
characteristics of proteins. Nevertheless, in the elevated alkaline pH 
spectra spanning from 11 to 13, the relative activities were established 
in the range of 65 % to 94 %. No alteration in pH was detected upon 
entrapping the protein. Nevertheless, over a broad pH range, the 
entrapped subtilisin exhibited significantly enhanced enzymatic activity 
in comparison to soluble protein (Sattar et al., 2018). The stability of 
immobilized subtilisin under different pH conditions was examined 
through a 20-hour pre-incubation at pH 9, 10 and 11 at 35 ◦C. Immo-
bilized subtilisin displayed notable resilience at pH 10 throughout the 
entire 20-hour period, maintaining over 96 % of its relative activity. 
Whereas at pH level 9 and pH level 11, the immobilized protein was 
stable up to 14 and 16 h respectively, with relative activities >71 % and 
>78 % respectively. As free subtilisin showed stability at pH 10 up to 20 
h, immobilized subtilisin showed stability at pH range of 9–11 with 
14–20 h of stability retained. This demonstrates the fact that this 
immobilized protein exhibits greater pH levels of activity and stabili-
zation in the alkaline pH zone compared to the unbound subtilisin. This 
depicts the alkaline properties of the protein in Fig. 1B. 

The immobilized subtilisin maintained its activity even at tempera-
tures as high as 90 ◦C, exhibiting 88 % relative activity as evidenced in 
Fig. 1C. The immobilized protein was classified as an alkali- 
thermostable, with its optimal temperature determined to be 75–80 ◦C 
at pH 10. As purified recombinant subtilisin (free) had shown optimum 
temperature at 70 ◦C previously reported by Shettar et al., (2023b), the 
immobilized form has shown better relative activities and at higher 
optimum temperatures. The ability of subtilisin to withstand heat has 
been quantified within the temperature span of 65–85 ◦C for a duration 
of 2–20 h (Fig. 1D). The durations for which immobilized subtilisin 
maintained half of its activity at 65, 70, 75, 80, and 85 ◦C were recorded 
as 10, 10, 8, 6, and 6, respectively. As a result, the carrier calcium 
alginate was discovered to confer greater stability to subtilisin action, 
resisting the heat-induced agitation of subtilisin molecules induced 
through elevated temperatures. 

3.2.2. Storage and operational stability of the immobilized beads 
The enzyme/protein’s shelf life dictates how long it can maintain its 

efficacy in a bioprocess. In general, the enzyme’s active site degrades as 
it is stored in a liquid form for an extended time period. Enzymes are 
commonly stored in solutions, and the selection of storage conditions 
can significantly affect their shelf life. Temperature, pH, and the pres-
ence of stabilizing agents or cryoprotectants are important consider-
ations. Regularly assessing enzyme activity over time is vital to ensure 

its continued effectiveness for the intended purpose. The storage dura-
bility of both soluble and subtilisin encapsulated in calcium alginate was 
examined at two temperatures of 4 and 25 ◦C for a span of 60 d and the 
relative activity was calculated every 15 d. At a temperature of 4 ◦C, it 
was discovered that the immobilized protein demonstrated superior 
stability, retaining 91.61 % of its original performance over 30 days, in 
comparison to the unbound protein, that preserved 81.01 % activity 
(Fig. 1E). Whereas, the immobilized subtilisin had 34.19 % relative 
activity up to 60 d of storage, while the free subtilisin showed 30.17 %. 
During a 60-day storage period at 25 ◦C, the soluble protein experienced 
nearly complete inactivation post 15 d. In contrast, the immobilized 
subtilisin retained 37.66 % of its original function under the same 
conditions at 30 d and 11.69 % upto 60 d of storage. The enhanced 
storage stability could be attributed to a decrease in enzyme denatur-
ation or improved structural stabilization resulting from enzyme 
immobilization. 

The capacity for repeated use of immobilized proteins is a critical 
aspect that significantly influences their economically efficient perfor-
mance. This characteristic plays a pivotal role in minimizing costs 
associated with protein usage. Throughout the reutilization process, 
variations in the pH and temperature of the reaction system can impact 
both the durability of the carrier and the protein, potentially resulting in 
protein leakage and a subsequent decline in enzyme activity. As depic-
ted in Fig. 1F, the protein immobilized exhibited sustained high reus-
ability, with the relative activity consistently exceeding 81.52 % even 
after 4 cycles of reuse. This underscores the remarkable effectiveness of 
the immobilized enzyme in terms of reuse. Following the fourth cycle, 
the recorded relative activities stood at 27.57 % and 8.21 %, respec-
tively. The progressive decline in relative enzymatic activities, particu-
larly noticeable post the fourth cycle, might stem from the impact of 
repetitive centrifugation and washing forces, obstruction within the 
protein’s catalytic site attributable to either the accumulation of com-
pounds from oxidation on its exterior or otherwise the onset of leaky 
phenomena. 

3.2.3. Influence of various surfactants, metal ions, additives and organic 
solvents on free and immobilized subtilisin 

Treating recombinant and immobilized subtilisin with surfactants 
namely Tween 80, Tween 40, hydrogen peroxide and Triton X-100, as 
well as the ionic detergent SDS, yielded varying effects on relative 
enzymatic activity, as indicated in Table 1. The free protein retained 
maximum activity of 97.59 % and 95.97 % when subjected to 1 % SDS 
and Triton X-100 treatment. In terms of stability, it maintained 93.57 %, 
90.44 % and 85.58 % activity when treated with 1 % Tween 80, 
Hydrogen peroxide and Tween 40. Researchers have illustrated that the 
aforementioned protein may withstand and reveal proteolytic functions 
under the influence of surfactants with names like Tween 40 and Triton 

Fig. 1. (continued). 
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X-100, as well as surfactants like SDS at concentrations of 1 %. Conse-
quently, this protein holds promise for various commercial applications, 
including detergent production. Among the lab detergents, immobilized 
subtilisin has shown the highest activity for Tween 80 followed by 
Tween 40 at 94.42 % and 92.66 % respectively. While it has also shown 
good stability for ionic detergent SDS and non-ionic Triton X-100 of 
85.04 % and 92.66 % respectively. Tweens are non-ionic surfactants 
known for their ability to affect the fluidity and permeability of cellular 
membranes. Both Tween 40 and 80 have enhanced the relative activity 
in case of immobilized gel beads. 

The consequence of numerous ions on the functioning of soluble 
versus immobilized subtilisin was examined. The current findings indi-
cate that MgSO4, ZnSO4 and CuSO4 enhance enzyme activity (93–101 
%) in both free and immobilized subtilisin, serving as protective agents 
against denaturation as depicted in Table 1. However, KCl, NaCl and 
CaCl2 does exert slightly lesser effects on the relative enzyme activity. In 
accordance with the aforementioned results, it is observed that CuSO4 
and ZnSO4 enhances the effectiveness of both unbound and gel encap-
sulated protease, respectively and there is increase in the activity of 
immobilized recombinant subtilisin in case of ZnSO4 (99.12 %) which 
goes in line with the other literatures reported (Nelson Ademakinwa 
et al., 2021; Thakrar and Singh, 2019). The elevated activity in an 
abundance of metals is most likely attributable to an extremophilic 
hydrothermal vent spot, wherein the atmosphere has been enhanced in 
heavy metals relative to the surrounding atmospheric environment. 

Several additives were tested to assess the relative activities of free 

and immobilized recombinant subtilisin. Inhibitors are particular to 
proteins and can be employed for the taxonomy of proteins and work on 
activity. In the context of additives and inhibiting agents, the assessment 
of effectiveness was explored and outlined in Table 1. Studies on inhi-
bition can offer valuable insights into the characteristics of a protein, its 
need for cofactors, and the characteristics of the active center. PMSF 
significantly inhibited both free as well as immobilized subtilisin (55.86 
% and 62.17 %, respectively), even at a concentration as low as 1 M. 
Given that subtilisin is categorized as a serine protease, its activity was 
expected to be hindered in the company of PMSF, a phenomenon indeed 
observed in our study. PMSF has the capability to obstruct the serine 
residue within the enzyme’s catalytic site, progressively as a conse-
quence, there will likely be less activity (Farhadian et al., 2015). This 
suggests that the protein in question corresponds to the group of 
subtilisin-like serine protease category. The activity of effectiveness of 
unbound and gel encapsulated subtilisin remained unchanged in spite of 
the inclusion of EDTA, indicating that this protein is not reliant on metal 
ions or does not require divalent cations to sustain its activity. The 
immobilized gel bead has shown maximum relative activity of 96.77 % 
when compared to the unbound (free) enzyme, depicting that the 
immobilization using calcium alginate has indeed enhanced the effec-
tiveness of the protein towards metals. The notable activity observed in 
the abundance of EDTA holds significant importance for potential ap-
plications in detergent formulation. This is particularly crucial as 
chelating agents like EDTA are commonly incorporated into detergents 
for their role as water softeners and stain removers (Gulmez et al., 
2018). 

The impact of organic solvents on protein stability exhibited a nearly 
uniform pattern. Methanol emerged as the most stabilizing solvent, 
affording a peak stability of 95.25 % for recombinant subtilisin, trailed 
by ethyl acetate, ethanol and benzene, all imparting a stability of 
90.05–94.80 %. The least stability, at 83.18 %, was noted with chloro-
form (Table 1). The results suggest a substantial increase in recombinant 
subtilisin activity post-immobilization with calcium alginate, with im-
provements observed in various agents: methanol (97.95 %), ethanol 
(87.98 %), ethyl acetate (95.01 %), benzene (89.74 %), glycerol (88.56 
%) and chloroform (84.46 %) as displayed in Table 1. Under the influ-
ence of organic solvents, enzymes can undergo inactivation and insta-
bility depending on the concentration. However, recombinant subtilisin 
retained its activity with the existence of certain organic solvents 
examined in this study. In a similar study, the protease named tamarillin 
from tamarillo fruit maintained approximately 96 % of its unprece-
dented activity in the abundance of ethanol, while retaining activity 
levels of up to 89 % and 85 % in methanol and glycol, respectively. The 
least activity retained was at 62 % when treated with chloroform. The 
enzymatic activity in the company of organic solvents could have been 
influenced by a multitude of factors. Disruption of hydrogen bonding, 
interactions with hydrophobic moieties, and modifications in protein 
charges may transpire, thereby impacting the dynamics and conforma-
tion of proteases, ultimately causing shifts in their catalytic processes (Li 
et al., 2018). 

Table 1 
Biochemical characterization of purified recombinant subtilisin and sodium 
alginate immobilized subtilisin gel bead- Impact of surfactants, metal ions, 
organic solvents, additives and substrate specificity.  

Factors Relative subtilisin activity (%) 

Free 
subtilisina 

Immobilized 
subtilisin 

Control Without treatment 100 100 
Surfactants SDS 97.59 ± 0.3 85.04 ± 0.5  

Tween 80 93.57 ± 0.7 94.42 ± 0.7  
Triton X-100 95.97 ± 0.8 82.11 ± 0.1  
Tween 40 85.58 ± 0.6 92.66 ± 0.9  
Hydrogen peroxide 90.44 ± 0.3 80.93 ± 0.2 

Metal ions FeSO4 67.03 ± 0.1 76.24 ± 0.3  
MgSO4 94.07 ± 0.9 95.01 ± 0.4  
NaCl 86.75 ± 0.4 91.49 ± 0.9  
KCl 84.24 ± 0.7 83.87 ± 0.11  
CaCl2 87.09 ± 1.1 89.74 ± 0.5  
ZnSO4 98.10 ± 1.0 99.12 ± 1.1  
CuSO4 101.22 ± 0.1 93.841 ± 0.5 

Additives PMSF 55.86 ± 0.7 62.17 ± 0.9  
dithiothreitol 90.78 ± 0.5 92.08 ± 0.7  
β-mercaptoethanol 89.32 ± 0.4 90.32 ± 0.5  
EDTA 95.58 ± 0.2 96.77 ± 0.8 

Organic solvents methanol 95.25 ± 1.1 97.95 ± 0.5  
ethanol 92.12 ± 1.0 87.98 ± 0.1  
ethyl acetate 94.80 ± 0.7 95.01 ± 1.0  
benzene 90.05 ± 0.8 89.74 ± 1.1  
glycerol 87.87 ± 0.3 88.56 ± 0.2  
chloroform 83.18 ± 0.5 84.46 ± 0.4 

Substrate 
specificity 

Casein  101.47 ± 0.5  

Azo-casein 99.71 ± 0.9  
ATEE  97.95 ± 1.0  
BTEE  99.12 ± 0.2  
N-Suc-F-A-A-F-pNA 101.76 ± 0.9 

The relative activity lacking any surfactants, metal ions, inhibitors, or organic 
solvents was adopted as the control. 
The data values reveal mean ± standard deviation. 
The impact of 1 % surfactants, 0.5 M metal ions, 1 M additives and 10 % organic 
solvents were investigated for 30 min. 

a Substrate specificity for free subtilisin has been previously published 
(Shettar et al., 2023b). 

Table 2 
Kinetics of Calcium alginate immobilized subtilisin.  

Substrate Km 

(mM)a 
Vmax (X103 

U/mg)a 
kcat (X103 

min− 1) 
kcat/ Km (X103 

min− 1 mM− 1) 

Casein 0.303 ±
0.5 

19.095 ± 41  38.19  126.039 

N-Suc-F-A-A- 
F-pNA 

0.19 ±
0.3 

10.7 ± 15  21.4  112.631  

a The offered values are the average ± standard deviation of three separate 
batches enzyme evaluation. 
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3.2.4. Determination of substrate specificity of immobilized recombinant 
subtilisin 

Empirical evidence from earlier studies verifies the discovery of re-
combinant subtilisin, demonstrating its selectivity in targeting hydro-
phobic in nature bases, including N-Suc-F-A-A-F-pNA, whereby aromatic 
residues of amino acids are located among the P1 and P4 locations 
(Shettar et al., 2023b). Following the activity measurements conducted 
with 20 g/L casein, 30 g/L azocasein, 10 mM ATEE and BTEE and 5 mM 
N-Suc-F-A-A-F-pNA aimed at elucidating the immobilized recombinant 
subtilisin protein’s specificity toward different substrates, it was estab-
lished that the protein exhibited its maximum activity in the presence of 
casein and N-Suc-F-A-A-F-pNA at 101.47 ± 0.5 and 101.76 ± 0.9 
respectively (Table 1). It was also disclosed that the immobilized protein 
has demonstrated esterase and amidase activities by hydrolyzing ethyl 
esters in ATEE and BTEE. The presence of aromatic amino acids serves as 
a catalyst for robust activity at the catalytic site of recombinant subtil-
isin. Subtilisin can catalyze the dehydration of biologically and chemi-
cally modified proteins, and it also breaks down synthetic compounds. 
The substrate that determines the specificity of subtilisin relies on the 
precise amino acids earlier than the bond between peptides targeted for 
cleavage. 

3.2.5. Kinetic studies of immobilized subtilisin 
The Lineweaver-Burk graph was implemented for examining the 

kinematic features of the immobilized subtilisin, and its findings have 
been displayed in Table 2. Immobilized subtilisin demonstrated the 
classic kinetics of Michaelis–Menten. The enzymatic activity progres-
sively rose with a boost in substrate concentration, eventually reaching 
the point of saturation, indicating an exhaustion of the enzyme’s active 
sites. Vmax denotes the peak rate attained when enzyme is completely 
swamped with substrate concentration. The Michaelis constant (Km), 

referring to the quantity of substrate for which the rate of response 
approaches halfway of its maximal rate (Vmax), serves to measure the 
substrate hydrolysis affinity of the immobilized subtilisin. The Km points 
for the casein and synthetic peptide as substrates had been determined 
to be 0.303 ± 0.5 and 0.19 ± 0.3 mM, correspondingly, while the Vmax 
attributes were 19.095 ± 41 × 103 and 10.7 ± 15 × 103 U/mg, corre-
spondingly. A lowering Km value indicates improved specificity for the 
substrate and a high affinity for adhering to it. The Km values indicate 
the fact that the N-Suc-F-A-A-F-pNA has a higher affinity for immobi-
lized subtilisin. The calculated kcat for casein was 38.19 × 103 min− 1, 
with a deduced catalytic efficiency (kcat/Km) of 126.039 × 103 min− 1 

mM− 1. For N-Suc-F-A-A-F-pNA, the calculated kcat was 21.4 × 103 

min− 1, and the deduced catalytic efficiency (kcat/Km) was 112.631 × 103 

min− 1 mM− 1. In a compelling previous investigation involving purified 
recombinant subtilisin, a decrease in the Km for the specific substrate 
was noted, suggesting an enhanced specificity of the serine protease 
towards the substrate. Additionally, the recombinant subtilisin exhibi-
ted heightened specific activity and catalytic efficiency (Shettar et al., 
2023b). The enhanced Km and Vmax measurements of the immobilized 
subtilisin when contrasted to the previous work demonstrate that the 
immobilization of the protein inside a calcium alginate gel bead has 
boosted its efficiency for the substrates examined. 

3.3. Nanoparticles made of silver and zinc oxide linked with recombinant 
subtilisin: Synthesis and characterization 

The key proof for the efficient combination of previously investi-
gated recombinant subtilisin coming from B. subtilis combined with 
multiple silver nitrate compositions (5, 10 and 50 mM each) experienced 
the obvious change that occurred in the concoction’s shade, tran-
sitioning from pastel yellow towards a deep brown hue. This was 

Fig. 2. UV–Visible spectroscopy of recombinant subtilisin capped nanoparticles.  
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confirmed after gestation, and the combined mixture effectively 
streamlined the transformation of aqueous ions of silver (Ag+) into silver 
nanoparticles (AgNP) via reduction. The discernible alterations to 
heterogenous mixture tint provided as a preliminary sign of the 
biosynthesis of recombinant subtilisin-capped silver nanomaterials 
(Sidhu and Nehra, 2020). The availability and volume of silver nano-
particles (AgNP) were verified using a spectrophotometer with ultravi-
olet (UV) radiation. Under UV illumination, the measured peaks at a 
wavelength of 450 nm for 5 mM dosage and a wavelength of 425 nm for 
10 mM and 50 mM corroborated the existence of AgNP. The existence of 
AgNP has been proven since their characteristic scale typically ranges 
around 400–470 nm. Fig. 2 depicts the wavelength absorption patterns 
plotted. The presence of unbound electrons in nanoparticles promotes 
the formation of an electromagnetic surface plasmon resonance (SPR) 
wave. This band is caused by the coordinated oscillations of free elec-
trons in AgNP, which resonate with the fluctuating electric field of the 
incoming light. 

The initiation of zinc oxide nanoparticles (ZnONP) formation took 
place as 700 µL of a 10 mM zinc acetate solution was incorporated 
gradually drop by drop into 300 µL of the recombinant subtilisin, all 
while stirring and incubating at 55 ◦C. The reaction mixture transitioned 
from its original color to a yellowish hue and eventually to a cream- 
colored precipitate. The appearance of Surface Plasmon Resonance 
(SPR) was associated to this modification in ZnONP, serving as an 
indication of the formation of nanoparticles. The ultraviolet–visible 
approach was applied in order to track the process of synthesis of 
nanoparticles made up of zinc oxide and the concomitant reduction from 
Zn2+ to ZnONP. Mei’s hypothesis contends, the generated nanomaterial 
with just one point of absorption in the UV spectrum is more probable to 
possess a shape that is spherical. A prominent spike located in the UV 
zone spanning 300–400 nm in wavelength denotes an abundance of 
nanoparticles of zinc oxide. In this study, significant peak at 350 nm was 
discerned, providing evidence for the manufacturing of ZnONP in the 
amalgamation with recombinant subtilisin. 

3.4. Functional characterization of recombinant subtilisin capped 
nanoparticles 

3.4.1. Evaluation of antibacterial activity (AMA) and minimum inhibitory 
concentration (MIC) 

The discovery of alternative antimicrobial medications is critical in 
tackling the evolving issue of antibiotic resistance. Naturally accom-
plished products, extracts from plants, and nanoparticles with inhibitory 
effects on organisms serve as essential elements in the fabrication of 
inexpensive antimicrobial solutions. In the course of currently underway 
investigation, the antibacterial activity and MIC in pure recombinant 
subtilisin bound nanoparticles (Ag and ZnO) have been investigated 
against both Gram-negative as well as positive test organisms. The 
antimicrobial effectiveness of the encapsulated nanoparticles created by 
the process of biosynthesis has been demonstrated to be powerful 
against all test species described in this study. The experiment was 
replicated on three occasions, and the findings were interpreted based 
on the average diameter of the inhibition zone. As summarised in 

previous study reported by Shettar et al., (2023b), it elucidates that 
recombinant subtilisin exhibited the highest clearance zone (mm) 
against Gram-positive bacteria such as B. licheniformis (30.1 ± 0.2 mm) 
and B. cereus (26.4 ± 0.5 mm), surpassing S. aureus (18.2 ± 0.3 mm) and 
E. coli (19.3 ± 1.1 mm), P. aeruginosa (18.5 ± 0.6 mm) and 
S. typhimurium (18.3 ± 0.7 mm) for Gram-negative bacteria. The current 
examination displays that the recombinant subtilisin was conjugated 
with AgNP and ZnONP and assessed for its antibacterial activities 
against different test organisms. Noteworthy effectiveness was demon-
strated by recombinant subtilisin bound AgNP and ZnONP 50 mM each, 
with the latter displaying substantial inhibition against B. licheniformis 
(36.9 ± 0.4 mm) and E. coli (26.5 ± 0.7 mm) respectively, as shown in 
Table 3. S. aureus exhibited a marginally lower inhibitory effect for the 
capped nanoparticles. The noted inhibition of test organisms’ growth 
suggests that silver ions were emitted by the metallic nanoparticles. In 
terms of antibacterial efficacy, subtilisin-capped nanoparticles not only 
illustrated improved antibacterial capacity but also demonstrated a 
more extensive spectrum of antibacterial response when juxtaposed 
with subtilisin alone. Cefixime, the positive control, indicated inhibitory 
zones that varied between 14.5 ± 0.8 and 26.4 ± 0.3 mm, as displayed 
in Table 3. 

Subsequent to this, Minimum Inhibitory Concentration (MIC) anal-
ysis was conducted to assess bacterial development in the abundance of 
progressively diluted capped nanoparticles. The findings were reviewed 
visually as well as by documenting the growth trend at 600 nm. The MIC 
of recombinant subtilisin was studied and reported earlier within the 
range of 0.06–0.9 µg/mL (Shettar et al., 2023b). Table 4 summarizes the 
effectiveness of the current investigation’s bound AgNP and ZnONP 
against the two Gram-positive along with negative test organisms. 
Following CLSI recommendations, the MIC was established employing 
the conventional microbroth dilution approach. The MIC analysis 
revealed that subtilisin bound zinc oxide nanoparticles (ZnONP) 
demonstrated the lowest values for B. cereus and B. licheniformis at 0.097 
mM, with P. aeruginosa and S. typhimurium following closely at 0.195 
mM. S. typhimurium showed the highest MIC value, recorded at 0.9 µg/ 
mL for recombinant subtilisin studied previously. AgNP has a compa-
rable inhibitory concentration against B. licheniformis alone. This study 
identified that recombinant subtilisin-conjugated nanoparticles (AgNP 
and ZnONP) had superior antibacterial efficacy than recombinant sub-
tilisin individually. 

3.4.2. Assessment of antioxidant activity 

3.4.2.1. DPPH scavenging activity. Antioxidants in nanoparticles 
perform an indispensable function in shielding the building blocks of 
tissues and cells against damage from oxidation induced by oxygen 
molecules called reactive oxygen species (ROS). Incorporating antioxi-
dants into nanoparticles amplifies their effectiveness in diverse sectors 
and fields within biomedicine, making a substantial contribution to 
across-the-board health improvement. In this current investigation, the 
antioxidant potential of recombinant subtilisin bound nanoparticles 
made of Ag and ZnO were examined employing DPPH and ABTS radical 

Table 3 
Antibacterial activities of recombinant subtilisin synthesized nanoparticles against test organisms.  

AMA Gram positive test organisms Gram negative test organisms 

Bacillus 
cereus 

Staphylococcus 
aureus 

Bacillus 
licheniformis 

Pseudomonas 
aeruginosa 

Escherichia 
coli 

Salmonella 
typhimurium 

Inhibition zone diameter (mm 
± SD) 

AgNP 10 mM 24.1 ± 0.4 16.2 ± 0.7 27.6 ± 0.6 17.1 ± 0.9 15.1 ± 0.5 17.9 ± 0.9 
AgNP 50 mM 31.5 ± 0.8 23.9 ± 0.8 33.4 ± 0.7 20 ± 0.1 20.9 ± 0.5 21 ± 0.1 
ZnONP 10 
mM 

24.6 ± 0.6 13.2 ± 0.5 25.3 ± 1.2 16.5 ± 0.5 18.4 ± 0.1 20.5 ± 1.0 

ZnONP 50 
mM 

35.7 ± 0.3 24.1 ± 0.5 36.9 ± 0.4 25.2 ± 0.6 26.5 ± 0.7 25.1 ± 0.3 

Cefixime 22.3 ± 0.5 14.5 ± 0.8 26.4 ± 0.3 16.8 ± 0.7 20.1 ± 0.2 14.8 ± 0.5  
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scavenging approaches. The selected methodologies in this study were 
known for their simplicity, speed, sensitivity, and effectiveness in 
evaluating the scavenging activity of nanoparticles synthesized through 
biological processes. The DPPH test is significant because it may eval-
uate a substance’s antioxidant or free radical-scavenging capabilities. 
The fundamental principle of the DPPH assay revolves around assessing 
the capacity of a substance to counteract the stable unbound radical 
DPPH (2,2-diphenyl-1-picrylhydrazyl). The observable shift in color, 
transitioning from purple to yellow, is directly correlated to the scav-
enging activity, offering a measurable indication of the substance’s 
prowess in antioxidant function (Chojniak-Gronek et al., 2022). As 
previously reported, the scavenging activity for recombinant protein 
within the concentration range of 10–60 µg/mL, reaching its peak at 50 
µg/mL with 86 % inhibition (Shettar et al., 2023b). As indicated in 
Table 5, the inhibition at 89 ± 0.9 %, was observed for ascorbic acid, 
serving as the reference standard. The highest scavenging activity, at 92 
%, was noted for ZnONP at a concentration of 50 mM, followed by 89 % 
for AgNP at the same concentration even after 30 min of incubation. 

3.4.2.2. ABTS scavenging activity. The blue chromophore ABTS•+ is 
generated through the chemical interaction amongst ABTS and potas-
sium persulfate. In the presence of the protein or ascorbic acid, the 
ABTS•+ cation radical undergoes reduction. The concentration of the 
remaining radical cation after reacting with the antioxidant moiety is 
then quantified. Recombinant subtilisin has recorded maximum inhibi-
tion of 51 % at time 60 h as reported previously (Shettar et al., 2023b). 
In the present study, recombinant subtilisin conjugated AgNP and 
ZnONP have been examined. The highest scavenging activity against 
ABTS•+ radical cation was recorded at 97 % at time point of 60 h for 
recombinant subtilisin-capped ZnONP (Fig. 3A). This was compared 
with the standard butylated hydroxytoluene, showcasing its anti-
oxidative activity at 46 %. At the identical concentration, AgNP 
exhibited a scavenging activity of 61 % at 60 h. A review of the research 
results depicts that, all sample quantities were pretty successful in 
scavenging free radicals that were present. Notably, ZnONP performed 
admirably in both antioxidant assays, indicating that it can serve as a 
promising antioxidant. The study’s trials were all done in triplicates, and 
the average of all the independent batches was adopted to arrive at the 
ultimate results. This method ensured statistical dependability while 
mitigating the influence of any data fluctuation or outliers. 

3.4.3. Assessment of anticancer activity by MTT assay 
The MTT test has been employed for investigating the cytotoxic 

impacts on various doses of recombinant subtilisin bound AgNP and 
ZnONP on breast cancer cells in humans MCF-7 cell types are a good 
method to measure cell development. Recombinant subtilisin was 
examined for its anticancer capability and revealed to be having a dose- 
dependent pattern on A549 as well as MCF-7 cell line as studied previ-
ously (Shettar et al., 2023b). In vitro, recombinant subtilisin-capped 
nanoparticles have been investigated for cytotoxicity against MCF-7 
malignant cell lines at concentrations spanning from 3.125-100 µg/mL 
to determine cell viability. Cell viability reduced dose-dependently as 
the concentrations of AgNP and ZnONP rose. ZnONP demonstrated 
higher activity than AgNP as shown in Fig. 3B. The IC50 value for MCF-7 
cell lines, representing the actual dose of recombinant protein needed to 
limit cell growth by 50 %, was determined. The results of the 

Table 4 
MIC of recombinant subtilisin bound nanoparticles- made of Ag and ZnO.  

MIC Gram positive test organisms Gram negative test organisms 

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

MIC (mM) AgNP 0.195 0.39 0.097 0.39 0.195 0.39 
ZnONP 0.097 0.39 0.097 0.195 0.39 0.195  

Table 5 
DPPH radical scavenging activity of recombinant subtilisin capped Ag and ZnO 
nanoparticles.  

Silver 
nanoparticle 

Zinc oxide nanoparticle Ascorbic acid 

Concentration 
(mM) 

Scavenging 
activity (%) 

Scavenging 
activity (%) 

Concentration 
(µg/mL) 

Scavenging 
activity (%) 

5 38 ± 0.07 48 ± 1.0 10 66 ± 0.07 
10 49 ± 0.05 51 ± 0.1 20 72 ± 0.02 
20 57 ± 0.9 63 ± 0.9 30 79 ± 0.4 
30 68 ± 0.06 74 ± 0.2 40 85 ± 1.2 
40 76 ± 0.1 83 ± 0.05 50 88 ± 1.0 
50 89 ± 0.01 92 ± 0.03 60 89 ± 0.9 

The data values indicate the average ± standard deviation of three separate 
experiments and are statistically significant at p < 0.05. 

Fig. 3. Functional characterization of recombinant subtilisin-like serine pro-
tease capped nanoparticles. (A) Antioxidant activity by ABTS method (B) MTT 
assay of capped nanoparticles against cell lines of breast cancer. 
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Fig. 4. Bioanalytical characterization of purified recombinant subtilisin and subtilisin capped nanoparticles. (A) HPLC analysis of purified recombinant subtilisin, (B) 
HPLC of standard surfactin (C) FTIR assessment of AgNP, (D) FTIR assessment of ZnONP, (E) SEM examination of AgNP, (F) EDS examination of AgNP, (G) SEM 
analysis of ZnONP, (H) EDS analysis of ZnONP, (I) TGA of AgNP (J) TGA of ZnONP, (K) AFM examination of AgNP, (L) AFM examination of ZnONP. 
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computation for AgNP as well as ZnONP were 8.87 μg/mL and 14.52 μg/ 
mL, correspondingly. Doxorubicin, the control medication, has an IC50 
of 3.62 μg/mL (Shettar et al., 2023a). 

3.5. Analytical characterization of purified recombinant subtilisin and its 
capped nanoparticles 

3.5.1. HPLC (High Performance Liquid Chromatography) analysis of 
recombinant subtilisin 

The HPLC examination of the purified recombinant subtilisin 
revealed a major peak occurring at a retention time (RT) of 3.001 min 

with mobile phases methanol: water at the ratio of 70:30 and 0.5 mL/ 
min flowrate. The detector with variable wavelength was set at 254 nm. 
This corresponds to the standard surfactin (Sigma-Aldrich) produced by 
B. subtilis, displaying a single peak at exactly the same retention time 
3.001 min. 

3.5.2. FTIR assessment of recombinant subtilisin capped nanoparticles 
In the continuing work, FTIR analysis on recombinant subtilisin- 

capped Ag and ZnONP suggested that they were composed of distinct 
troups demonstrating behavioral characteristics. C-O (carbon–oxygen) 
as well as C-N (carbon–nitrogen) chains stretching among amides, OH, 

Fig. 4. (continued). 
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and NH2 categories, in addition to C–H extending and the alkynes with 
C–C flexibility are included. Several significant bands in the FTIR 
spectrum were observed, each signifying the presence of distinct func-
tional groups which are associated with both the nanoparticles, as 
illustrated in Fig. 4C and 4D. The apparent existence of amide bands, 

illustrated as a large peak of absorption at 3282 cm− 1 (maxima), vali-
dates the N–H lengthening mode and the OH stretch of hydrogen bonds. 
The wavenumber of 2924 cm− 1 vibrations associated with aliphatic 
(non-aromatic) carbon-hydrogen (C–H) bonds are detected in the 
infrared spectrum. The infrared spectrum typically shows typical 

Fig. 4. (continued). 
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symmetric elongation of alkyne bridges (− C–C––C) about 1535–1580 
cm− 1. The primary Amide II wave is located at 1540 cm− 1, whereas 
Amide III wave is centered at 1397 cm− 1. The amide I band is critical for 
structural investigation via FTIR imaging due to the fact that it provides 
significant data about the protein’s secondary structures which include 
alpha-helical, beta-sheet, alongside randomized coils. It is usually found 
in the region between 1350–1750 cm− 1. The existence of amide groups, 
specifically − C-N and carbonyl groups (− C––O) that compose the 
vibratory stretching of peptides and protein molecules, is denoted by the 
strong signal detected at 1647 cm− 1 (Sharma et al., 2018). Furthermore, 
a peak in absorption at 1459 cm− 1 could have been attributed to the 
oscillation produced by the C–H alkyl bridge between aliphatic amino 
acid units namely leucine and isoleucine The major spike at 1063 cm− 1 

in the silver nanoparticle FTIR spectra corresponds to the –C–N 
stretching of aliphatic amines or phenolic/alcoholic compounds with an 
aliphatic structure. The prominent spike at 547 cm− 1 has been attributed 
to vibrations involving Ag-O bonds. It refers to the association of ions 
made up of silver or silver particles with functional groups that include 
oxygen or biomolecules in the framework of nanoparticles or silver- 
containing materials. 

Fig. 4D’s absorption peaks give vital information regarding the mo-
lecular makeup and content of the biomolecules participating in the 

biosynthesis process, assisting in the characterization of zinc oxide 
nanoparticle (ZnONP) generation. The spike at 3277 cm− 1 has been 
attributed to the –OH stretching of phenolic or alcoholic molecules with 
the –NH stretch of amines. The elongation peak of groups consisting of 
–OH appears to range between 3600 and 3200 cm− 1, affirming an ex-
istence of water molecules that are on the outermost layers of nano-
particles made of zinc oxide. The functional categories related to both 
the C-O and C–H stretching patterns are demonstrated by peak sizes 
ranging around 1500 to 1700 cm− 1 and 2500 to 2900 cm− 1, respec-
tively. The bend at 1641 cm− 1 displays the C-O vibration as mentioned 
above and amide group –C–N (Fig. 4D). The extensive major peak at 
1011 cm− 1 reflects the frequencies of the functional categories such as 
C–C, C-OH, and C–H. The prominent peak at 451 cm− 1 is attributable to 
Zn-O bending, indicating an existence of ZnO and the synthesis of 
ZnONP thereby resulting in the diminution of metal ions to metallic 
nanoparticles. 

3.5.3. SEM with EDS assessment of recombinant subtilisin capped 
nanoparticles 

SEM combined with EDS images offer additional insights into the 
morphology, chemical and size distribution of the recombinant subtili-
sin bound AgNP and ZnONPSEM photography can be employed to get 

Fig. 4. (continued). 
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detailed photographs of a sample’s surface anatomy. EDS analyzes 
element distribution by recognizing X-rays emitted via the product 
being investigated when struck by an electron laser. The SEM investi-
gation was carried out on the dehydrated Ag nanoparticles. The clusters 
of nano-composites containing extremely small silver nanoparticles co- 
embedded with recombinant subtilisin is depicted in Fig. 4E. These 
formations exhibited a morphology resembling bacilli and curved 
structures. The accumulations could have arisen as a consequence of the 
process of dehydration. The detection of the silver element in the AgNP 
spectrum was established subsequently by the EDS study demonstrated 

in Fig. 4F. A more substantial spike around 3 keV (binding energies), 
demonstrating an abundance of particles of silver within the reduced 
state, confirmed the diminution of silver ions Ag+ to Ag0. Pursuant to the 
spectra, silver was the most abundant portion, occupying 46.54 % of the 
whole, accompanied by carbon (23.03 %), chlorine (14.60 %), and 
impurities (15.82 %), representing the emergence of silver nanoparticle 
bound recombinant subtilisin (data not shown). 

According to the observations from scanning electron microscopy 
(SEM), the involvement of recombinant subtilisin proved to be highly 
effective in the biosynthesis of nanoparticles made up of zinc oxide 

Fig. 4. (continued). 

S.S. Shettar et al.                                                                                                                                                                                                                               



Saudi Journal of Biological Sciences 31 (2024) 104009

19

Fig. 5. Applications of pure recombinant subtilisin (A) biosurfactant activity of control, (B) biosurfactant activity of recombinant subtilisin (C) dehairing of goat hide 
with control, (D) dehairing of goat hide with recombinant subtilisin (E) blood stain removal-(a) Control, (b) detergent, (c) recombinant subtilisin, (d) detergent +
recombinant subtilisin and (F) Dissolution of blood clot-(a)Control, (b) recombinant subtilisin. 
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(ZnONP). The findings indicated that recombinant subtilisin capped- 
ZnONP displayed a rounded structure, although not entirely smooth, 
with a reasonably even and consistent distribution and uneven texture 
(Fig. 4G). Energy-Dispersive X-ray Spectroscopy (EDS) results may be 

utilized for verifying ZnONP purity and composition. The data typically 
shows an individual signal for zinc (Zn) and oxygen (O) components, 
affirming that there is an amount of ZnO within the sample, with 
distinctive signals detected between 0.5–1 keV, 8.6 keV, and 9.6 keV, 

Fig. 5. (continued). 

S.S. Shettar et al.                                                                                                                                                                                                                               



Saudi Journal of Biological Sciences 31 (2024) 104009

21

respectively (Fig. 4H). As per the EDS spectra, the predominant element 
detected was zinc (Zn), constituting 17.54 %, followed by carbon at 
38.21 %, along with other unidentified substances (data not shown). The 
sheer amount of carbon depicts that recombinant subtilisin participate 
in the diminution and coupling of bio-synthesized ZnONP. 

3.5.4. TGA of recombinant subtilisin capped nanoparticles 
TGA is a technique employed to study the differences in weight of a 

material as a matter of temperature. In the context of AgNP and ZnONP, 
TGA would involve subjecting the silver and zinc oxide nanoparticles to 
a controlled temperature increase while measuring the corresponding 
weight loss. This helps in understanding the thermal stability of the 
nanoparticles, as different materials exhibit varying degrees of weight 
loss at specific temperature ranges. The analysis provides essential 
knowledge on the decomposition, stability, and thermal behavior of the 
nanoparticles under heating conditions. The TGA investigation found 
multiple phases of dropping weight. In Fig. 4I, a modest fall of 0.88 % 
appeared during the beginning phase of weight loss (<200 ◦C), which 
was attributable to the dissipation of physiosorbed water from the sur-
face remaining on the AgNP. Between 228 and 812 ◦C, the second stage 
of weight reduction, amounting to 4.860 % and 2.866 % respectively, 
takes place, involving the breakdown and evaporation of organic and 
bioactive compounds potentially existing on the sample being tested, 
namely surfactants, stabilizers, or capping agents. At temperatures 
exceeding 800 ◦C, the silver nanoparticles exhibit their core component 
disintegration while being capped. After a minor loss, the system sta-
bilizes. The grade of the biosynthesized AgNP is assessed to be 81.92 % 
pure silver. 

In case of recombinant subtilisin capped ZnONP, the preliminary 
phase of weight reduction, spanning from ambient temperature to 264 
◦C, indicated a minor decrease of 5.285 %, implying the elimination of 
water molecules situated on the nanoparticle surface (Fig. 4J). Post 264 
◦C and upto 374 ◦C, a substantial weight decrease of 50.90 % is 
observed, attributed to the degradation and abrupt evaporation of the 
sample. The lack of residues around 500–700 ◦C indicates that the 
structure of recombinant subtilisin-capped ZnONP underwent decom-
position, producing gases and resulting in the formation of carbonaceous 
char. This temperature range likely led to the breakdown of organic 
components, leaving behind volatile products and carbon residues. At ~ 
888 ◦C, the weight dropped by 23.41 %, indicating further disintegra-
tion and vaporization of residual chemicals that are bioactive. At this 
level of temperature, numerous biological molecules including impu-
rities are predicted to be eliminated, leaving behind highly pure zinc 
oxide nanoparticles (Özbek and Ünal, 2017). 

3.5.5. AFM of recombinant subtilisin capped nanoparticles 
AFM allows researchers to acquire pictures with excellent resolution 

and altitude measurements via sweeping the tip of a pointed object 
across the topography of nanomaterials. When the point of the AFM 
strikes the sample surface, the cantilever bends owing to attraction and 
repulsion processes among the atoms and molecules that are upon the 
pointed end of the instrument as well as its external surface. The mea-
surement entails recording the angle of deflection caused by the canti-
lever, and a system of feedback serves to establish a constant pulling 
force across its tip and the object being measured. As shown in Fig. 4K, 
the AFM visualization of AgNP illustrates the generation of aggregates 
with a sphere-like form and evenly spaced distribution. The bio-
synthesized recombinant subtilisin capped ZnONP’s surface features 
were meticulously examined and visualized at the nanoscale through 
AFM, employing both 2D and 3D topography analysis. The AFM pho-
tographs displayed the external shape and ruggedness of zinc oxide 
nanoparticles capped with recombinant subtilisin in Fig. 4L. These 
findings imply indicate the pattern of distribution about nanoparticles 
were uniform, and that there was enough consistency throughout the 
scanned zone. 

3.6. Applications of recombinant subtilisin 

3.6.1. Biosurfactant activity 
The purified recombinant protein subtilisin exhibited biosurfactant 

activities as determined through a screening assay known as oil 
spreading assay. Dispersion constitutes one of the features about bio-
surfactants utilized to recover trapped oil from oil wells. Fig. 5A and B 
demonstrates the power of the recombinant subtilisin and water as 
control to dissipate the film of burned motor oil, as demonstrated by the 
areas of clearness generated on the water’s surface. According to Fig. 5A, 
no dispersion of oil was seen on water. The purified protein’s surface 
activity was more widespread, with the measurement within the dis-
placed ring being 7.5 cm and the accompanying circle area being 
44.196 cm2. (Fig. 5B). 

3.6.2. Determinization of keratinolytic activity in dehairing of goat hide 
The purified recombinant protein synthesized by B. subtilis displayed 

substantial stability up to for 24 h, therefore the protein’s dehairing 
capacity was tested over each hour period, leading to the removal of 
small hairs from goat skin pelts. Within the first 4–5 h of exposure in the 
presence to recombinant subtilisin, just an adequate amount of hair was 
eliminated. The degree of hair removal, however, enhanced with a 
prolonged incubation time. Following 20 h of incubation, there was 
complete hair eradication. The outcomes suggest that purified recom-
binant subtilisin has greater hair removal properties despite the 
requirement to open hair pores. While the control group with buffer 
displayed no removal of hair easily as shown in Fig. 5C. Sensory eval-
uations, including touch and visual assessments, demonstrated how the 
skins dehaired by protein exhibited a white, softened, yet silky 
appearance with no obvious damage (Fig. 5D). On the contrary, the 
chemically processed skin seemed somewhat dark in shade, seemed 
tight when touched, and exhibited a coarse feature (data not shown). 

3.6.3. Blood stain removal activity 
The blood stain retrieval ability of the recombinant subtilisin was 

assessed by conducting experiments on cloth pieces stained with blood. 
The goal was to evaluate the protein’s effectiveness in removing blood 
stains from the fabric. The outcomes for cloth pieces treated with 
different options are presented in Fig. 5E(a-d). Fig. 5E (a) showed the 
fabric treated with water as control. Detergent treatment alone (Fig. 5E 
(b)) showed modest stain removal performance compared to the protein 
treatment alone (Fig. 5E(c)). However, when the fabric had been sub-
jected with a combination of detergent and recombinant protein, the 
stain was entirely eliminated as shown in Fig. 5E (d). This discovery 
reinforces the potential applications of purified protein in future in-
dustrial and biotechnological settings, particularly as a valuable bio-
additive for enhancing cleaning efficacy in detergent formulations 
(Hadjidj et al., 2018). 

3.6.4. Blood clot dissolution 
The recombinant protein’s influence on the breakdown of blood 

coagulation in vitro had been investigated. When water was employed 
for this assay, no evidence of blood clot dissociation was detected 
(Fig. 5F(a)). Within 4 h, recombinant subtilisin at 37 ◦C completely 
dissolved the blood clot. Fig. 5F(b) depicts the outcome. The protein 
successfully solubilized blood clots, and their dissolving rate increased 
with time. Within four hours, subtilisin effectively destroyed 91.08 % of 
the blood clots. 

4. Discussion 

The calcium alginate entrapment displays porosity and possess 
excellent mechanical stability, featuring functional groups that facilitate 
improved adsorption and, consequently, decrease the enzyme release 
from the support. The decline in the activity of the immobilized sample 
is due to the fact that whilst an enzyme clings to a transporter, its site of 
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action may become chemically occluded, leading to a disruption in the 
enzyme’s proper interaction with its substrate (Mechri et al., 2022). 
When sodium alginate was utilized at the maximum concentrations of 4 
and 4.41 % (w/v), the proteolytic yield of the immobilized protease fell 
dramatically. While the smallest dosage of 1.59 % (w/v) sodium alginate 
in solution resulted to have minimal proteolytic activity. In comparison 
to our study, many researchers have reported the optimal concentration 
of sodium alginate to be 2–3 % (Ismail and Sahimi, 2021). In a related 
literature, 4 % sodium alginate combined with 1 mL of purified protease 
from Cheotomium globusum has shown the highest relative activity of 
~68 % while a decline in the activity was seen with increased protease 
concentration (Nadeem et al., 2020). The impact of concentrations of 
sodium alginate, varying between 1–3 % (w/v), on alkaline protease 
activity from Bacillus amyloliquefaciens SP1 was studied in a work re-
ported by Guleria et al. (2016). The optimized calcium alginate con-
centration of 3 % revealed maximum activity for the stable formation of 
the immobilized bead. Different immobilization techniques have been 
reported to immobilize subtilisin-related proteins. For example, cellu-
lose and nanocellulose are widely used in healthcare industries consid-
ering to their low level of toxicity, renewable nature, biological 
compatibility, and biodegradable properties. Laccase, lipases, glucose 
oxidase and pancreatic serine protease trypsin have been immobilized to 
various forms of cellulose material (Anirudhan and Rejeena, 2012; 
Wahba and Hassan, 2017). A literature study on cysteine proteases 
revealed the immobilization of bromelain, papain, and ficin on chitosan 
by adsorption technique to enhance the stability of all the enzymes used 
in the study (Holyavka et al., 2021). Another study on Carlsberg sub-
tilisin produced by Bacillus licheniformis PB1 was immobilized on 
bentonite which is an inorganic matrix making it as a solid support 
substance, via adsorption approach (Rana et al., 2023). Subtilisin A was 
covalently coated on magnetic particles of silica with three amine 
binding agents: ATMS (brush-like linker), Jeffamine, and chitosan. 
ATMS-coated particles had the most amino groups on their surface, 
leading to the greatest protease activity among all systems evaluated as 
described by (Glomm et al., 2021). 

Similarly, the immobilization of subtilisin-like serine protease from 
S. mutabilis strain TN-X30 (SPSM) using adsorption-encapsulation ap-
proaches with 3 various hybrid carriers revealed that the alginate-kaolin 
encapsulated SPSM beads has exhibited the best activity and proven to 
be stable at alkaline pH and high temperatures (Mechri et al., 2022). In a 
comparable immobilization investigation, the uncontrolled protease 
demonstrated maximal activity at 60 ◦C, whereas the most effective 
temperature for the protease immobilized onto chitosan, silica gel 
100–200, alginate, glutaraldehyde-activated chitosan in addition to 
nitrocellulose membrane increased upto 70 ◦C. This phenomenon may 
arise from the immobilization process, which mitigates the steric barrier 
connecting enzymes and the substrates they digest in anticipation of 
both pH and temperature variations (Thakrar and Singh, 2019). A 
related study on Carlsberg subtilisin displayed an optimal temperature 
at 50 ◦C when immobilized with bentonite via adsorption, also it showed 
same optimal temperature for free enzyme. The influence of pH on the 
immobilized enzyme revealed at optimum level of pH 8 (Rana et al., 
2023). The effect of immobilization on the stability of the enzyme is 
enhanced due to the enrichment of protein. This particular action might 
be attributed to a fluctuating entire charge across the protein junction. 
Enzyme surface charge dispersion improves binding to substrates and 
catalytic effectiveness, leading to higher level formation. The optimal 
pH value promotes the highest concentration of enzyme-substrate in-
termediates (Salis et al., 2007). Another proposed stabilizing process 
involves the formation of multifaceted covalent connections amongst 
the solid carrier and enzyme. The aforementioned links would stiffen the 
enzyme arrangement, causing the corresponding positions of the 
enzyme residues caught within the immobilization to remain secured 
despite the circumstances of the experiment, along with the sole 
permitted shifts would be determined by the length of the spacer arms. 
Such conformation rigidification might boost the stability of enzymes 

against distorting factors, such as elevated temperatures and solvents 
(Wahba, 2022). 

The immobilization of AK-R protease on Ac-DMCSS-NH2 nano-
spheres increased the enzyme’s temperature maxima from 60 to 65 ◦C. 
The immobilized enzyme performed up to 3.0-fold better than the free 
enzyme throughout most temperature ranges evaluated. The immobi-
lized AK-R protease’s thermal stability improves due to multiple-point 
covalent attachment onto the mesoporous cover of DMCSS-NH2 nano-
spheres. This stabilizes the enzyme’s tertiary framework and confor-
mational equilibrium within its active center, safeguarding it from 
thermal denaturation (A.S.S. Ibrahim et al., 2021). 

Comparable findings have been documented following the immobi-
lization of enzymes/proteins in gel beads made of alginate. A literature 
study showed the storage of soluble and immobilized alkaline protease 
from Bacillus aryabhattai Ab15-ES at 4 and 25 ◦C for 30 d which 
explained that the immobilized enzyme depicted relative activity to be 
at 80.88 % post 30 d while the free maintained at 64.6 %, at 4 ◦C. At 
ambient temperature, the free enzyme was completely inactivated while 
the immobilized alkaline protease secured 38.37 % of relative activity 
(Adetunji and Olaniran, 2023). Another research signifies the impor-
tance of storage of an immobilized neutral protease for a period of 11 d. 
It showed that there was > 80 % relative activity retained throughout 
the period and decrease was seen post 9th day. This decline has likely 
resulted from the swift reduction in storage stability induced by CaCl2 
and the liberation of soluble enzyme due to the degradation of gel beads. 
The immobilized enzyme, in this case, has likely utilized a substantial 
portion of the enzyme activity (Bai and Wu, 2022). 

Similarly, a research cited by Qamar et al. (2020), depicted the 
reusability of calcium-alginate immobilized alkaline protease produced 
by B. brevis showed >60 % activity upto 10th cycle. A recent study of 
immobilized alkaline protease from Bacillus aryabhattai Ab15-ES 
exhibited >50 % relative activity upto 5th cycle and gradually 
decreased. The weakening of the bond between the matrix and the 
immobilized protein can lead to the physical detachment of enzyme off 
the supporting substance. Moreover, the decline in enzyme activity may 
occur as a consequence. Moreover, with successive use, the pore size of 
the alginate beads expands, resulting in heightened protein leakage and 
a subsequent decrease in biocatalytic activity (Adetunji and Olaniran, 
2023). The functioning of the immobilized pair of beads was assessed six 
times consecutively in a study on the usability of immobilized straw-
berry protease. It was noted that 62 % of the activity remained preserved 
in the third usage of the immobilized beads, whereas there was a sig-
nificant decline in the performance after the fourth reuse (Alici and 
Arabaci, 2024). A similar study on immobilized protease depicted the 
reusability of beads at 4 ◦C and 26 ◦C until 4 days where immobilized 
beads showed more stability at 26 ◦C. The reason for decreased activity 
in the immobilized beads post second day is because of the damage 
caused to the beads for repeated usage (Nina Vanessa et al., 2022). 

An identical study indicated that the protein SLSP-k demonstrated 
90 % activity following treatment using 0.5 % Tween 20 and 1 % Triton 
X 100, whereas it displayed 70 % while administered 0.5 as well as 1 % 
SDS (Gurunathan et al., 2021). Another research completely verifies our 
results, stating the enzyme proved highly stable in with the addition of 
surfactants that are not ionic notably Triton X-100, Tween 20, Tween 80, 
and anionic surfactants like SDS (Ding et al., 2020). A report by Marathe 
et al. (2018), suggested that Tween 20 has shown the highest protease 
activity for immobilized alkaline protease, than SDS and Triton X-100 
respectively which also coincides with our results of immobilized sub-
tilisin. In a related literature, SDS has shown very less relative activity on 
entrapped lipase from H1 (P. reinekei) and H3 (P. brenneri) (Priyanka 
et al., 2019). In contrast, 1 % SDS and Triton X-100 has heightened the 
relative activity of immobilized alpha amylase from A. pullulans at 110 
% and 114 %, whereas similar results to ours are shown for Tween 80 
(Nelson Ademakinwa et al., 2021). Strawberry protease has been 
discovered to be relatively stable in an environment of surfactants that 
are nonionic. Brij 35 had essentially little effect on the function of both 
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free and immobilized strawberry proteases as compared to the control 
group. Moreover, in the presence of hydrogen peroxide, activity of en-
zymes fell to half thereby resulting in slight difference between free and 
bound protease (Alici and Arabaci, 2024). 

In a related work, the hydrolytic activity of SLSP-k demonstrated an 
increase amidst trace metals, including Ca2+, Co2+, Li2+, Mg2+, Mn2+, 
and Zn2+ (Gurunathan et al., 2021). The disparity in protein activity 
when exposed to metal ions is determined by the amount of every ion of 
metal inside cells and organelles, which falls within a certain range 
specified by the biological environment. An investigation was conducted 
to examine the impact of ions on the activity of unbound and CHI- 
immobilized protease from Cheotomium globusum. Results revealed 
that Ca2+, Mg2+ exhibited stimulatory effects, while K+ showed no in-
fluence on enzyme activity (Nadeem et al., 2020). Our investigations are 
in consistent to the previously reported findings. But very less literature 
is available on the research of immobilized recombinant subtilisin when 
treated with metal ions. Other researchers have assessed the Calcium 
ions to be enhancing the relative activities of immobilized enzymes 
when compared to free and this goes in line with the present study 
(Abdella et al., 2023; Nelson Ademakinwa et al., 2021) have reported 
that CaCl2 and Ca2+ have displayed enhancing ability of the immobi-
lized enzymes of protease from Bacillus thuringiensis strain-MA8 and 
alpha amylase from A. pullulans at ~140 % and 119 % respectively. KCl 
has slightly displayed lesser relative activities for immobilized enzymes 
than the free enzymes (Abdella et al., 2023; Priyanka et al., 2019). 

Similar results have also been found which states that EDTA signifies 
the catalytic activity in calcium alginate immobilized beads with en-
zymes (Abdella et al., 2023; Karim et al., 2017; Thakrar and Singh, 
2019). In our study, the free and immobilized subtilisin exhibited sta-
bility and retained 90.78 % and 92.08 % activity respectively, in the 
presence of 1 M DTT as shown in Table 1. Conversely, β-mercaptoe-
thanol demonstrated nil significant impact on the activity of protease, 
indicating that the enzyme lacks vital disulfide bonds. In consistent to 
our study, PMSF has inhibited purified AprE127 subtilisin produced 
from B. subtilis, as it is a prominent serine protease inhibitor (Frias et al., 
2021; Mechri et al., 2019). 

A literature referenced by Ding et al. (2020), with the exception of 
isopropanol, all tested organic solvents like acetone, ethanol, methanol 
and DMSO in the range of 20–40 % exhibited an enzyme activity level 
ranging from approximately 86 % to 133.6 % of its original activity, 
indicating a remarkable tolerance to organic solvents by recombinant 
subtilisin-like protease (mAls). Furthermore, Farhadian showcased a 
extracellular htrA-like serine protease by Bacillus subtilis 16 DR8806, 
which demonstrated an enhancement in activity when exposed to 
methanol and ethanol (Farhadian et al., 2015). Similar research works 
have reported the impact of organic solvents on the immobilized en-
zymes. Priyanka et al. (2019) investigates in their study and showed that 
methanol and ethanol at 10 % each, when subjected to entrapped lipases 
from H1 (P. reinekei) and H3 (P. brenneri) displayed loss of activity when 
compared to free lipase at 28 ◦C with 91.12 % and 99.64 (methanol) and 
76.41 % and 73.45 % (ethanol) respectively for the latter. Non-polar 
solvents are renowned for being capable of adhering to the lipase lid, 
retaining the lipase in a relaxed state and so improving lipolytic activity; 
nonetheless the entrapment mechanism may hamper this association by 
diminishing structural flexibility. Due to the restricted movement of the 
enzyme within the alginate beads, non-polar solvents are unable to 
interact with the enzyme lid, resulting in the observed activation of 
lipolytic activity. Ethanol showed stability in both free and calcium 
alginate immobilized endo (1 → 4) β-d-glucanase with ~ 99 % while 
methanol increased by 1.13 folds in case of immobilized enzyme (Karim 
et al., 2017). Another literature study investigated the implications of 
organic solvents affecting the immobilized lipase (IL) activity of Bur-
kholderia cepacia which states that chloroform revealed 80 % residual 
activity at 120 h (Padilha et al., 2018) while it showed 1.21 fold 
enhancement in the activity of endo (1 → 4) β-d-glucanase when 
immobilized with calcium alginate (Karim et al., 2017). The reduction in 

water content around a catalytic site serves as a typical illustration of a 
decline in activity observed in an immobilized enzyme upon exposure to 
a solvent. 

Similarly the increase in Km and decline in Vmax values of free SPSM 
and immobilized forms of subtilisin-like serine protease from S. mutabilis 
strain TN-X30 SPSM, with casein and Suc-F-A-AF-pNA substrates, ver-
ifies the specificity of the substrate required to transform a product in 
per unit time (Mechri et al., 2022). The specificity of substrates of 
thermoresistant serine alkaline protease from Aeribacillus pallidus C10 
displayed heightened action in the company of casein with 100 % 
(Yildirim et al., 2017). The proteolytic efficacy of both variants of pro-
tease was evaluated under the influence of various substrates of protein 
(1 % w/v), encompassing transferrin, hemoglobin, albumin, ɣ-globulin, 
and casein. Fibrin was utilized as the substrate, with its protease activity 
considered as 100 %. The outcomes revealed that the unbound and 
immobilized proteases exhibited 2.44 and 4.05 times greater activity 
compared to the control when albumin was present (Badoei-dalfard 
et al., 2020). In a related cited work, proteolytic activity of fibrinolytic 
enzyme on different substrates revealed that casein and serum albumin 
displayed 3.2 times and 6.4 times greater activities respectively, than 
control fibrin (Krishnamurthy and Belur, 2018). In contrast, both native 
KBALT and recombinant KBALT, keratinase from Bacillus altitudinis 
RBDV1, demonstrated a substrate preference for chicken feather, with 
subsequent affinities for keratin azure, human hair, and human nail 
followed by comparatively least specific towards BSA and casein (Pawar 
et al., 2018). 

The kinetic parameters of the purified extracellular alkaline protease 
from Bacillus licheniformis K7A (SAPHM) showed greater catalytic effi-
ciency towards the specific synthetic substrate Suc-Phe-Ala-Ala-Phe- 
pNA than casein in comparison to commercially available substrates 
Alcalase and Thermolysin (Hadjidj et al., 2018). In line with our in-
vestigations, another research study has investigated the kinetic pa-
rameters as follows- the Km and Vmax values for the soluble enzyme 
(alkaline protease produced by Bacillus brevis) were measured at 0.19 
μM and 333.3 U/mL, respectively. In contrast, for the calcium-alginate 
immobilized enzyme, the Km was reduced to 0.09 μM, and the Vmax 
increased to 454.5 U/mL. These findings are consistent with current 
investigation. The association involving an amount of the substrate and 
the enzyme synthesis demonstrated that the enzyme that had been 
immobilized had a higher specificity towards the substrate than the 
unbound protease in solvent. The process of immobilization induced 
modifications in the enzyme’s active site, subsequently leading to a 
decline in the Km point of the enzyme which reflects a stronger binding 
between the protein and substrate molecules. The elevated Vmax, 
diminished Km values, and enhanced pH and thermo-resistibility of the 
enzyme immobilized in Ca-alginate render it a resilient catalyst appli-
cable across various industrial domains, notably in sectors such as tex-
tiles and detergents (Qamar et al., 2020). A study on protease revealed 
that, BSA digestion at 40 ◦C and a pH of 6 yielded Km and Vmax values of 
0.041 mm and 2.48 μmol tyrosine mL− 1min− 1 with unbound crude 
strawberry protease, along with 0.089 mm and 2.47 μmol tyrosine 
mL− 1min− 1 regarding immobilized crude protease enzyme, respec-
tively. The rise in protease’s value of Km for the BSA substrate might be 
attributed mostly to diffusion issues (Alici and Arabaci, 2024). In 
consistent to the current study, the immobilized alkaline protease from 
Bacillus aryabhattai Ab15-ES exhibited a calculated Km of 1.225 mg/mL, 
which is lower than the Km value of 2.023 mg/mL for the free enzyme. 
This decreased Km value suggests a 1.65-fold improvement of the en-
zyme’s attraction towards the base after being immobilized in alginate 
gel pellets. Furthermore, the Vmax of the attached protease (250 U/mL) 
surpassed the value of the enzyme in free form (232.56 U/mL), indi-
cating a more effective configuration of this enzyme within the solid 
substrate (Adetunji and Olaniran, 2023). Another kinetic study of 
immobilized α-amylase indicated that the immobilized enzyme exhibi-
ted lesser Km and Vmax values when compared to the soluble form, 
thereby depicting increase in the enzyme activities post immobilization 
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(Al-Harbi and Almulaiky, 2020). 
Nanotechnology has gained popularity over the past few decades as a 

consequence of the manufacturing and development of nanoscale sub-
stances. The synthesis of nanoparticles (NPs) is a developing feature of 
nanotechnology. In line with the outcomes of the current investigation, 
Sidhu and Nehra, (2021) have reported the generation of Bac23-capped 
silver nanoparticles (SNPs) with a characteristic peak at 432 nm. In a 
separate study, Guilger-Casagrande et al. (2021) similarly reported an 
absorption peak for biogenic nanoparticles with the filtrate of Tricho-
derma harzianum, between 400–420 nm. Aligned with the outcomes of 
the present study, other results were predominantly consistent, affirm-
ing the application of the ultraviolet–visible spectroscopy method to 
establish the existence of lipopeptides of B. subtilis SDUM301120 over 
the outermost layer of silver nanoparticle. The absorption spectrum 
revealed peaks within 430–460 nm range, indicating specificity and 
contributing to the heightened antibacterial effectiveness (Yu et al., 
2021). Several other metal oxides have been studied in the capping of 
proteins. The report examines the manner in which nickel oxide nano-
particles employed in diverse industries affect the activity of Neutrase 
1.5MG, a proteolytic enzyme, and laboratory mashing of light barley 
malt, as explained by (Karpenko and Kanaev, 2021). Mucolytic enzymes, 
including papain (PAP) and bromelain (BRO), were covalently attached 
to poly acrylic acid (PAA). The ionic gelation process was then used to 
create nanoparticles (NPs). Among them, NPs conjugated with BRO 
displayed highest functionalities in drug delivery systems for mucus 
permeation (Pereira de Sousa et al., 2015). 

In a citation reported by Ahmed et al. (2022), the eco-friendly pro-
duction of zinc nanoparticles was examined to assess its impact on the 
harvest and development regarding Pisum sativum L. An evident spike at 
374 nm had been identified, signifying the generation of white-coloured 
nanomaterials. A work documented by Hosseini-Koupaei et al. (2019) 
explored the relationships and longevity of proteinase K, a serine pro-
tease which is subtilisin-like, in an environment consisting of CuO 
(copper oxide) nanomaterials having a 270 nm spectral peak. The 
study’s results have far-reaching ramifications in medical science, 
biology, and a variety of commercial possibilities. The existence of the 
small spike implies that the manufactured zinc oxide nanoparticles have 
an elevated degree of consistency and standardization, indicating a 
painstakingly managed biosynthesis approach. The distinctive peak for 
ZnONP derived from the Phragmanthera austroarabica extract manifested 
at 362 nm, signifying emergence of nanomaterials. Following a 4-hour 
incubation period, there was a partial increase in the solution’s absor-
bance. Nevertheless, the solution’s color remained constant, and the 
level of absorption sustained stability even after 24 h. The steady ab-
sorption over an extended period indicates the conclusion of the process, 
achieving the successful diminution of Zn2+ ions into nanoparticles of 
zinc (ZnNP) (Alahdal et al., 2022). The bioconjugate nano-silver enzyme 
complex BC-nAg-Akp production was optimized with an acetone solu-
tion. Silver nanowires happen to have been synthesized using extracel-
lular protease-resistant fibrillar proteins extracted from an acetone- 
concentrated enzyme solution, thereby increasing the activity of alka-
line protease (Akp) enzyme due to nanoparticle interaction (Joshi et al., 
2020). The protease produced from Pseudomonas aeruginosa and 
Enterococcus hirae was attached to magnetic nanoparticles through sur-
face conversion technology, incorporating silica bound magnetic nano 
combination, amine and cysteine functioned in nano composite pro-
duction. The study proved that there was increase in the activity and 
stability of the enzyme via nanoparticle conjugation (Masi et al., 2018). 

A boost in activity was additionally observed against food-borne 
pathogens when silver nanoparticles were incorporated with bacte-
riocin Bac23 extracted from a lactic acid bacterium (Lactobacillus plan-
tarum PKLP5) (Sidhu and Nehra, 2021). Another research studied the 
antibacterial activity of nanoparticles which aided in an effective wound 
healing application. The unique characteristics of small-sized AgNPs, in 
conjunction with their broadened surface area, promote effective con-
tact between them and the affected wound covering, hence decreasing 

scar-healing time. The highest effectiveness was evident against 
multidrug-resistant (MDR) P. aeruginosa isolates (20–25 mm) and E. coli 
(18–22 mm) (Gomaa, 2019). Similarly, silver nanoparticles derived 
from Selaginella bryopteris (commonly addressed sanjeevani) plant 
extract (SPE@Ag-NPs) had significant antibacterial properties against 
S. aureus (11 mm) and E. coli (12 mm) than Selaginella plant extract (SPE) 
alone (S.S. et al., 2019). AgNPs are more effective against bacteria while 
being less hazardous to humans. Ag ions tend to be coupled to negative- 
power biomolecules including RNA, DNA, and protein molecules. Silver 
nanoparticles generated by biological techniques possess antibacterial 
efficacy against microbes, such as methicillin-resistant Staphylococcus 
aureus (S. aureus) (Elizabeth et al., 2022). The production of nano-
particles of silver and their effects against the infection caused by bac-
teria V. cholera has also been investigated. While antibacterial drugs are 
utilized, modifications to membrane permeability and reciprocal silver 
nanoparticle accessibility in microbial cells are currently described in 
recent times (Bamal et al., 2021). 

A recent study has depicted a good antibacterial activity of zinc oxide 
nanoparticles conjugated with W. volbulis plant extract by agar well 
diffusion assay, against S. epidermis and E. aerogenes with 16 mm and 10 
mm respectively. The present study has also shown greater activity 
against Gram-positive bacteria (Jeyabharathi et al., 2022). Subtilisin has 
more efficacy against S. aureus (10.3 µM) than against E. coli (15.6 µM), 
indicating that it acts more effectively on the peptidoglycan coating of 
Gram-positive microorganisms rather on the lipopolysaccharide 
covering of Gram-negative microorganisms. Conjugation of AuAgNP 
with subtilisin increases the former’s effectiveness against S. aureus but 
inhibits its activity against E. coli as reported by (Prabhawathi et al., 
2019). 

The antioxidant assay employs the stable radical DPPH to gauge the 
ability of an antioxidant to counteract free radicals, offering valuable 
insights into the substance’s potential antioxidant characteristics. As 
previously mentioned by Iqbal et al. (2017), the ability to reduce DPPH 
decreases with increasing concentrations of the extract. Maximum 
scavenging activity of methanol extract of D. stramonium was found to be 
64.28 % at 60 µg/mL concentration. Another report studied the anti-
oxidant activity using DPPH assay wherein the Datura inoxia Mill. 
(Solanaceae) methanolic leaf extract’s potential to scavenge free radi-
cals revealed 82 % inhibition at 1.0 mg/ml (Bagewadi et al., 2019). 
Selenium nanoparticles (SeNPs) produced by B. subtilis BSN313 at 24 
and 48 h exhibit good antioxidant activity by DPPH and ABTS methods 
(Ullah et al., 2021). In contrast to another literature, the antioxidant 
activity of the biosynthesized selenium nanoparticles produced by Ba-
cillus species showed no significant result in the DPPH assay (Greeshma 
and Mahesh, 2019). 

Antioxidant nanoparticles possess the potential to increase medicinal 
efficacy by shielding them against oxidative destruction or inactivation. 
When medications are encapsulated within antioxidant nanoparticles, 
its durability as well as accessibility inside the human body is improved, 
resulting in enhanced therapeutic outcomes. In a previous study, Given 
the same dose as DPPH (150 µg/mL), the ABTS free radical scavenging 
capability of SeNPs was determined to be 63.01 and 60.61 %, respec-
tively, after 24 and 48 h (Ullah et al., 2021). Another researcher explains 
the ABTS activity of biosynthesized silver nanoparticles by ABTS 
method. The proportion of inhibition progressively rises as time passes, 
reaching its highest level between 16 and 40 min (S. Ibrahim et al., 
2021). A recent research employing wild subtilisin from B. subtilis strain 
ZK3, in combination with nanoparticles of silver and zinc oxide that 
revealed strong antiradical action, with ZnONP exhibiting maximal in-
hibition of 90 % and AgNP of 45 % at 60 h (Shettar et al., 2023a). 
Nanoparticles (NPs) can be utilized to prevent, diagnose, and cure a 
variety of illnesses due to their tiny size, huge surface area, and 
distinctive structure. They can also improve medication biodistribution 
and release in regulated ways (Oshi et al., 2022; Patra et al., 2018). In a 
literature study of aqueous extract of loquat seed (AELS), the high 
relationship between antioxidant activity and NP concentration suggests 
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that tiny ZnO NPs with a wide surface area may contribute to their 
antioxidant ability. However, increasing the number of active sites on 
generated ZnO NPs may increase the effectiveness of their antioxidants 
(Shabaani et al., 2020). 

Silver nanoparticle cytotoxicity varies considerably depending on 
particle form and production technique, since it is affected by parame-
ters such as exposure period, temperature, concentration, size of parti-
cles, capping, and the specific cell line used. A research investigation 
demonstrated that the methanolic extract of the seeds of D. stramonium 
proved cytotoxic against breast adenocarcinoma (MCF-7) lines of cells, 
having an the IC50 value of 113.05 μg/mL (Iqbal et al., 2017). Another 
work on anticancer properties of nanoparticles revealed that the animal 
cohorts subjected to bacteriocin and AgNPs displayed survival rates of 
82.56 % and 62.33 %, respectively. The amalgamation of bacteriocin 
with AgNP resulted in a reduction of AgNP toxicity (Gomaa, 2019). The 
crude extract and its fraction from Brazilian Red Propolis (BRP) 
exhibited a pronounced cytotoxic effect. Similarly the biosynthesized 
AuNP (gold nanoparticles) revealed highest dose-dependent cytotoxic 
effect among all the other nanoparticles studied against bladder cancer 
cells (T24) and prostate cancer cells (PC-3) as reported by Botteon et al. 
(2021). A report on the conjugation of nanoparticles on mucolytic en-
zymes papain (PAP) and bromelain (BRO) were studied for cytotoxic 
studied revealing the polymers and conjugated nanoparticles to be non- 
toxic at all concentrations when tested against Caco-2 cell lines (Pereira 
de Sousa et al., 2015). Multiple kinds of nanomaterials made of inor-
ganic substances and ways for producing these have enabled the 
manipulation of novel drug delivery systems. Before turning these 
inorganic nanoparticles into therapeutic compounds, several important 
considerations must be made. distinguished in comparison to better- 
organized nanoparticles that organic, the therapeutic transformation 
of inorganic nanomaterials for the delivery of drugs continues to remain 
under debate due to a lack of greater evidence and information on 
biological safety, particularly bio-catalytic attributes, elimination tech-
niques, and long-term toxicological assays that demonstrate its in vitro 
and in vivo biological security (Oshi et al., 2022). Because of their low 
systemic toxicity, AgNPs can be used to target specific cancer vulnera-
bilities. Several research revealed the positive function of AgNPs in the 
treatment of cancer (Gurunathan et al., 2015). Another study discovered 
that treatment with AgNPs derived from Butea monosperma leaf extract 
significantly inhibited cancer cell lines (B16F10, A549, MCF7, and 
HNGC2F) (Patra et al., 2015). The toxicity of AgNPs on ovarian carci-
noma stem cells was examined, and the results indicated that A2780 and 
ALDH+/CD133+ colonies were greatly decreased (Choi et al., 2016). 

Similar outcomes were tabulated regarding a biosurfactant produced 
by B. velezensis KLP2016 with RT at 1.130 min. The standard surfactin 
showed a peak at RT 1.27 min (Meena et al., 2021). In consistent to our 
results, a study reported by Barale et al. (2022), displayed a chromato-
gram with 2 peaks at RT 2.91 min, 4.02 min, 5.47 min, and 6.8 min. This 
goes in line with the standard surfactin used showing its homologues at 
2.61 min, 3.0 min, and 4.20 min. Hence, the purified recombinant 
subtilisin seemed to be a molecule akin to surfactin. 

The distinctive absorption bands in AgNP spectra of FTIR provide 
essential details concerning the molecular makeup and architecture of 
generated nanoparticles, enabling researchers to gain insight into the 
biomolecules that comprise the procedure for synthesis. Comparable 
stretches and peaks have been identified in numerous literary works. 
The strong connections among water ions and nanoparticles are antici-
pated to play a substantial part in stabilizing and promoting biomolecule 
bonding on AgNP surfaces throughout the course of production. In the 
identical work, specific peaks with minor alterations have been noticed 
in nanoparticles made of silver produced by B. subtilis (A15) (Fouad 
et al., 2017). The results indicate hydroxyl sections, C–C-O categories, 
and amide sequences are vital components involved in minimizing and 
stability of Bac23-capped SNPs. The results presented here strongly 
demonstrate the existence of bacteriocin proteins that engaged during 
the formation as well as encapsulation within the nanostructures (Sidhu 

and Nehra, 2021). The FTIR spectrum of absorption of the biosurfactants 
generated by B. amyloliquefaciens SAS-1 and B. subtilis BR-15 explained 
the presence of peptides, an aliphatic, an ester, and carbonyl chains, 
verifying the existence of lipopeptides. Similar bands were observed in 
the current investigation (Sharma et al., 2018). The existence of mag-
netic nanoparticles combined with alkaline protease, bearing a shell 
made of silica were confirmed by a distinctive adsorption peak at 1090 
cm− 1, indicating the presence of silane groups. A sample with a double 
coating of silica-amino silane reveals a region of both materials (Masi 
et al., 2018). 

A further study on the formation of nanoparticles formed of zinc 
oxide that was produced by biosynthesis from P. austroarabica extract 
revealed likely peaks and shown that they play a vital component in 
lowering the number of Zn ions and operate as protective coverings for 
nanomaterials made of zinc oxides (Alahdal et al., 2022). The FTIR 
spectra of assynthesized and lipase immobilized ZnO nanoparticles 
revealed characteristic ZnO peaks beyond 600 cm− 1, assessing the ex-
istence of ZnO material. The amide bond spikes, regardless of side 
groups, mirror the composition of the core polypeptide strand. These 
additional bands were associated with nanoparticle modification and 
immobilization of lipase (Khan et al., 2019). Similar bends and stretches 
were also found in the FTIR spectra of the current research work, 
thereby correlating and confirming the presence of functional groups of 
nanoparticles made of zinc oxide bound with recombinant subtilisin. 

Based on the SEM-EDS outcomes for recombinant subtilisin bound 
nanoparticles, the current study verifies the arrangement and funda-
mental makeup of the resultant nanoparticles in contrast to earlier 
research. A recent study also illustrated a scanning electron microscopy 
photograph of a dehydrated amount of silver nanoparticles (AgNPs) 
with a median size of 50 nm and a shape that is spherical produced from 
B. subtilis NCIB 3610 culture supernatant. (Omole et al., 2018). Similar 
findings were observed from zinc nanoparticles made from 
P. austroarabica, that demonstrated an abundance of metals as well as 
the availability of carbon, suggesting that phytochemicals contribute in 
reducing and capping the amount of biosynthesized ZnONPs (Alahdal 
et al., 2022). The abundance of bioconjugate nano-silver enzyme in the 
fundamental state of silver was confirmed by SEM-EDS analysis having 
small sized agglomerated embedded with alkaline protease (Akp). The 
proportion by weight and atomic ratio of silver reported to have values 
of 18.32 % and 3.79 %, respectively (Joshi et al., 2020). 

The outcomes align closely with the results obtained in the present 
investigation of recombinant subtilisin-capped AgNP. In a comparable 
circumstance, chitosan polymeric-coated mesoporous nanoparticles of 
silica demonstrated a reduction in weight of 28.8 %, whereas the 
polymer alone exhibited an even greater weight reduction of 68.9 % 
(Özbek and Ünal, 2017). The weight reduction, reaching until 60 % in 
the temperature range of 300–400 ◦C, was attributed to the breakdown 
of organic constituents. This study described the environmentally 
friendly manufacture of nanoparticles of silver utilizing the leaves of 
Aquilegia pubiflora. This research was documented by Jan et al. (2021). 
In a correlated investigation performed by Alam (2022), the heat 
resistance of silver nanoparticles biosynthesized from strawberry fruit 
pomace extract was assessed through TGA in a nitrogen environment. 
The silver nanoparticles exhibited a weight stability of up to 75 %. Based 
on the results of analogous studies on nanoparticles conducted by other 
researchers, it is indicated that nanoparticles capped with purified re-
combinant subtilisin exhibit commendable thermal stability, and these 
observations have been relatively underreported. 

The outcomes from the present research work of recombinant sub-
tilisin conjugated with nanoparticles (Ag and ZnO) indicated a round- 
like and rough morphology, aligning with reports from other research 
studies in the literature. In a similar investigation, the pictures of ZnO 
nanoparticles from B. subtilis demonstrated surface roughness with an 
even distribution (Fazaa, 2022). A research explained by Guilger-Casa-
grande et al. (2021) shared his findings stating that the uncapped 
nanoparticles had greater average dimensions in AFM photographs, 
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however capped nanoparticles possessed a circular morphology. The 
geometry and dimension of the silver nanoparticles were validated uti-
lizing AFM. With a particle size of around 50 nm, symmetrical, spherical 
nanoparticles were spread equitably (Kabeerdass et al., 2021). Nano-
particles (NPs) can enhance the bioavailability of weakly water-soluble 
medicinal products and deliver them to specific areas in the body, 
reducing unwanted effects. Nanoparticles (NPs) can transcend physio-
logical barriers as well as intercellular gaps because of their tiny size 
(Patra et al., 2018). 

The oil displacement area of a biosurfactant molecule generated by a 
native strain of A. niger (2.3 g/L) was 49.74 cm2 whereas the mutant 
strain showed 59.81 cm2 (Asgher et al., 2020). (Pele et al., 2019) 
identified a crude biosurfactant generated from R. arrhizus UCP1607 
exhibiting a 53.4 cm2 oil displacement area (ODA) dispersing effect. In 
consistent to the current study, (POOMTIEN et al., 2013) additionally 
discovered that the dispersion rate equivalent to 44.5 cm2 ODA for 
Cyberlindnera samutprakarnensis JP52 biosurfactant. The biosurfactant 
derived from Ochrobactrum anthropi HM-1 culture exhibited elevated 
surface activity, evident in a displaced circle with a 7 cm diameter and a 
corresponding circle area of 38.5 cm2. The biosurfactant from Cit-
robacter freundii HM-2 produced a distorted circular that had a slightly 
smaller dimension of 6.5 cm and a surface area of 33.17 cm2 (Ibrahim, 
2018). In this present research, the biosurfactant activity of purified 
recombinant subtilisin was demonstrated, showcasing its potential for 
application in oil recovery processes. 

The dehairing process has garnered significance as an alternative to 
chemical technique in the contemporary scenario. This technique plays 
a crucial role in reducing toxicity while simultaneously enhancing the 
quality of leather by using biomolecules instead of commercial chem-
icals. Keratinolytic studies demonstrated that hair from goat skin may be 
effortlessly removed 24 h after exposure with alkaline protease from 
Bacillus sp. contrasted to skin treated merely with buffer (control). This 
demonstrates the protease’s keratinolytic activity (Kandasamy et al., 
2018). In a related study reported by Hussain et al. (2017), upon 12 h of 
incubation, the enzyme had removed part of the hair from the chicken 
quill. The findings revealed that alkaline protease of B. subtilis served as 
a better hair remover that had no effect on opening the hair openings. In 
a prior investigation, skin slices from goats possessed dehairing via 
alkaline protease generated by the fungal strain Neocosmospora spp. N1. 
The technique was juxtaposed with a traditional chemical method which 
employs limestone and sulfide, which is frequently utilized in the leather 
goods sector. Hairs were readily removed in contrast with the control 
during 24 h of incubation while utilizing enzymatically and chemically 
processed skin (Matkawala et al., 2019). 

Numerous reports have emphasized the usefulness of proteases 
having alkaline property for assisting eliminate stains of blood from 
cotton material. The information depicted in a research study by Hadjidj 
et al. (2018), demonstrates that the isolated and purified extracellular 
alkaline protease from Bacillus licheniformis K7A (SAPHM) remains 
exceptionally stable and compatible with all examined solid laundry 
detergents, maintaining 100 % of its original activity when incubated at 
40 ◦C. Blood stains were partly erased in with the addition solely of 
detergent and enzyme. However, a blend of detergent and purified 
enzyme succeeded in total elimination of blood stains after twenty mi-
nutes of incubation at 15 ◦C. Other researchers have discovered cold- 
active proteases generated from diverse microbial species as viable op-
tions for low-temperature detergent manufacturing (Furhan et al., 
2019). After 10 min of incubation utilizing the optimized protease of 
B. subtilis with the addition of a detergent, (Hussain et al., 2017) claimed 
that the blood stain had been eliminated entirely from a cotton fabric 
piece. Our findings indicate that the recombinant subtilisin protein 
derived from B. subtilis exhibits superior effectiveness. The results pre-
sented here highlight the protein’s potential for eventual application for 
a disinfectant bioadditive in detergent for laundry formulations. 

In a related study, a fibrinolytic enzyme (serine protease) named 
ACase from mushroom efficiently dissipated the blood clots and rate of 

dissolution increased as time progressed. Within a span of 3 h, the 
enzyme managed to dissolve 82 % of the blood clots (Li et al., 2021). A 
complete blood clot solubilization within 4 h at 37 ◦C had been deter-
mined by a study conducted by Sharma et al. (2019), in which a fibri-
nolytic protease from B. cereus RSA1 was utilized. A protease coming 
from M. oleifera Lam illustrates plasmin-like function in clotting blood 
dissolution under ex-vivo as well as in-vitro breakdown of fibrin (Sawe-
taji, 2023). 

5. Conclusion 

In this ongoing investigation, recombinant subtilisin has been 
embedded in Ca-alginate beads by altering the variables for enhanced 
functional resilience. It emerged that the use of suitable gelling agent 
and the amount of protein alters the location of the catalytic process by 
boosting enzyme activity. Analysis revealed that alginate immobiliza-
tion enhances the performance and endurance of entrapped subtilisin 
throughout an alkaline pH spectrum (9–11) and heat tolerance at 80 ◦C. 
The immobilized protein’s excellent efficacy in all biochemical pro-
cesses and recyclability potential imply a high economic worth. The 
biological features of the recombinant subtilisin-capped Ag and ZnO 
nanoparticles revealed antibacterial, antioxidant, and cytotoxic capa-
bilities. The thermostability of nanoparticles was demonstrated by 
fundamental, surface, and multifunctional attributes. Nevertheless, the 
industrial utilization of recombinant protein, known for its elevated 
temperature and pH stability, such as in dehairing, blood clot dissolu-
tion, biosurfactant property and blood stain removal demonstrates 
positive effects on both human well-being and the environment. The 
research sheds light on the potential applies of entrapped recombinant 
subtilisin and its nanoparticles for intriguing biological activities in 
healthcare and environmental sector. 
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Salis, A., Bilaničová, D., Ninham, B.W., Monduzzi, M., 2007. Hofmeister effects in 
enzymatic activity: weak and strong electrolyte influences on the activity of Candida 
rugosa Lipase. J. Phys. Chem. B 111, 1149–1156. https://doi.org/10.1021/ 
jp066346z. 

Sarkar, G., K, S., 2020. Extraction and characterization of alkaline protease from 
Streptomyces sp. GS-1 and its application as dehairing agent. Biocatal. Agric. 
Biotechnol. 25, 101590. Doi: 10.1016/j.bcab.2020.101590. 

Sattar, H., Aman, A., Qader, S.A.U., 2018. Agar-agar immobilization: An alternative 
approach for the entrapment of protease to improve the catalytic efficiency, thermal 
stability and recycling efficiency. Int. J. Biol. Macromol. 111, 917–922. https://doi. 
org/10.1016/j.ijbiomac.2018.01.105. 

Sawetaji, S., 2023. A protease from Moringa oleifera Lam exhibits plasmin like activity of 
blood clot solubilization under ex-vivo and in-vitro hydrolysis of fibrin. 

Schaller, A., Stintzi, A., Rivas, S., Serrano, I., Chichkova, N.V., Vartapetian, A.B., 
Martínez, D., Guiamét, J.J., Sueldo, D.J., van der Hoorn, R.A.L., Ramírez, V., 
Vera, P., 2018. From structure to function – a family portrait of plant subtilases. New 
Phytol. 218, 901–915. https://doi.org/10.1111/nph.14582. 

Shabaani, M., Rahaiee, S., Zare, M., Jafari, S.M., 2020. Green synthesis of ZnO 
nanoparticles using loquat seed extract; Biological functions and photocatalytic 
degradation properties. LWT 134, 110133. https://doi.org/10.1016/j. 
lwt.2020.110133. 

Sharma, C., Salem, G.E.M., Sharma, N., Gautam, P., Singh, R., 2019. Thrombolytic 
potential of novel thiol-dependent fibrinolytic protease from Bacillus cereus RSA1. 
Biomolecules 10, 3. https://doi.org/10.3390/biom10010003. 

Sharma, R., Singh, J., Verma, N., 2018. Production, characterization and environmental 
applications of biosurfactants from Bacillus amyloliquefaciens and Bacillus subtilis. 
Biocatal. Agric. Biotechnol. 16, 132–139. https://doi.org/10.1016/j. 
bcab.2018.07.028. 

Shettar, S.S., Bagewadi, Z.K., Kolvekar, H.N., Yunus Khan, T.M., Shamsudeen, S.M., 
2023a. Optimization of subtilisin production from Bacillus subtilis strain ZK3 and 
biological and molecular characterization of synthesized subtilisin capped 
nanoparticles. Saudi J. Biol. Sci. 30, 103807 https://doi.org/10.1016/j. 
sjbs.2023.103807. 

Shettar, S.S., Bagewadi, Z.K., Yaraguppi, D.A., Das, S., Mahanta, N., Singh, S.P., Katti, A., 
Saikia, D., 2023b. Gene expression and molecular characterization of recombinant 
subtilisin from Bacillus subtilis with antibacterial, antioxidant and anticancer 
properties. Int. J. Biol. Macromol. 249, 125960 https://doi.org/10.1016/j. 
ijbiomac.2023.125960. 

Sidhu, P.K., Nehra, K., 2020. Bacteriocin-capped silver nanoparticles for enhanced 
antimicrobial efficacy against food pathogens. IET Nanobiotechnol. 14, 245–252. 
https://doi.org/10.1049/iet-nbt.2019.0323. 

Sidhu, P.K., Nehra, K., 2021. Purification and characterization of bacteriocin Bac23 
extracted from Lactobacillus plantarum PKLP5 and its interaction with silver 
nanoparticles for enhanced antimicrobial spectrum against food-borne pathogens. 
LWT 139, 110546. https://doi.org/10.1016/j.lwt.2020.110546. 

Tacias-Pascacio, V.G., Morellon-Sterling, R., Castañeda-Valbuena, D., Berenguer- 
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