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Abstract

This study evaluated Streptomyces rochei strain NAM-19 solid-state fermentation of agricultural wastes to produce alkaline
protease. Alkaline protease production increased with flaxseed, rice bran, and cheese whey fermentation reaching 147 U/mL
at 48 h. Statistical optimization of alkaline protease production was performed using the central composite design (CDD).
Results of CDD and the optimization plot showed that 4.59 g/L flaxseed, 4.31 g/L rice bran, 4.17 mL cheese whey, and a
vegetative inoculum size of 7.0% increased alkaline protease production by 27.2% reaching 186 U/mL. Using the 20-70%
ammonium sulfate fractionation method, the optimally produced enzyme was partially purified to fivefold. The partially
purified alkaline protease was then covalently immobilized on a biopolymer carrier, glutaraldehyde-polyethylene-imine-«-
carrageenan (GA-PEI-Carr), with 90% immobilization efficiency. Characterizations revealed that immobilization improved
thermostability, reusability, optimum temperature, and sensitivity towards metal ions of the free enzyme. The optimal
temperature for free and immobilized enzymes was 40 and 50 °C, respectively. Both enzymes had the same optimum pH of
10. Immobilization increased K, from 19.73 to 26.52 mM and V,,, from 56.7 to 62.5 mmol min™'L~". The immobilized
enzyme retained 35% of its initial activity at 70 °C, while the free enzyme retained only 5%. The immobilized enzyme kept
80% of its initial activity at the 20th cycle. After 7 weeks of storage, the free enzyme lost all its initial activity, whereas
the immobilized enzyme retained 50%. The free and immobilized enzymes were able to hydrolyze gelatin, and azo-casein
demonstrating different relative activity, 85, 80, 90 and 95%, respectively, compared to casein (100%).

Keywords Alkaline protease - Streptomyces - Optimization - Response surface methodology - Covalent immobilization -
Protease characterization

Introduction

The worldwide market for industrial enzymes was estimated
at $5.7 billion in 2020 and is expected to rise 6.5% from
2021 to 2028 (VMR 2019). The market’s growth is driven
by the rising demand for industrial enzymes in diverse
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applications, including food processing and detergent pro-
duction (Nouri et al. 2024). Among the most important
industrial enzymes that hydrolyze protein substances are
microbial proteases (Tunga et al. 2003). Proteases are vital
in cellular metabolism and have garnered attention in the
industrial sector (Gupta et al. 2002). Plants and microbes
produce alkaline proteases (EC 3.4.21.14), which have an
optimal pH of 7-11. Bacteria and fungi produce extracel-
lular and intracellular proteases (Zhou et al. 2009; Rizzello
et al. 2007). Intracellular proteases are crucial to metabo-
lism and cellular functions; however, extracellular proteases
could hydrolyze waste substrates more efficiently (Kumar
and Takagi 1999). Various cost-effective methods have been
adapted to produce microbial proteases using solid-state
fermentation (SSF) (Gervais and Molin 2003; El Salamony
et al. 2024). Its advantages include simple fermentation
equipment, high volumetric productivity, lower production
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costs, superior physio-chemical qualities, and less pollution.
It uses less energy and produces less effluent (Adeoye et al.
2022; Yafetto 2022). This potential technique is utilized in
the production of bio-products, including traditional meals,
microbial cells, enzymes, and metabolites from renewable
resources. This cost-effective method is popular in Africa
(Balint et al. 2005). The use of agro-industrial waste as SSF
substrates has grown in recent decades (El Salamony et al.
2024). Rice and wheat bran, agro-industrial byproduct, are
employed in SSF as major substrates and could be utilized as
major substrates to saves energy in the dry process. It distrib-
utes moisture evenly so bacteria can grow and produce pro-
tease enzymes. Many waste substrates enhance the growth of
biotechnologically-important microbial producers (Matrawy
et al. 2024; Kumari Chitturi and Lakshmi 2016; Espoui et al.
2022). They also improve SSF bioprocess protease produc-
tion due to its availability and inexpensive cost (Limkar et al.
2019). The typical “one factor at a time” bioprocess design
ignores variable interactions and fails to calculate the cumu-
lative influence of factors on enzyme production. Response
surface methodology (RSM) is a statistical approach for
optimizing processes when numerous variables influence the
response of interest (Bas and Boyac1 2007). However, low
reusability, poor thermal/long-term stability, and high cost
hinder industrial enzyme applications (Karami et al. 2022;
Badoei-Dalfard et al. 2023). To improve these problems, the
immobilization technique can be a cost-effective and envi-
ronmentally friendly method and improves enzyme perfor-
mance under severe conditions (Aggarwal et al. 2021; Zhang
et al. 2021). Enzyme immobilization enhances enzyme effi-
ciency in many biotechnological applications (Mylkie et al.
2021). Also, immobilization enables biocatalyst recovery,
salability, process development, and cost reduction through
diverse reactor designs (Sadaqat et al. 2022). However,
enzyme-carrier interaction is required for immobilization
efficiency. The carrier type significantly impacts the char-
acteristics of the immobilized enzyme (Nunes et al. 2021).
Generally, immobilization carriers should be biocompatible,
stable, non-toxic, and eco-friendly. Carriers could be inor-
ganic, hybrid, polymer, or metal-organic (Suo et al. 2020).
Biomaterials, including k-carrageenan, alginate, chitosan,
chitin, and their derivatives, are widely investigated due to
their abundance, biocompatibility, non-toxicity, and ver-
satility in surface functional groups (Alnoch et al. 2020).
K-carrageenan is extensively utilized for enzyme immobili-
zation and has numerous applications in biocatalysis, biosen-
sor synthesis, decontamination, and energy storage (Awad
et al. 2020).

The current study aims to screen different commercial
substrates to produce alkaline protease and then optimize
the production of the enzyme simultaneously in a single
step by statistically optimizing key parameters such as
substrate concentrations and inoculum size using central
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composite design (CCD). Subsequently, immobilizing the
partially purified enzyme on a biopolymer carrier, called
k-Carrageenan. Both the free and immobilized alkaline pro-
teases were analyzed for their kinetic characteristics as well
as pH and thermal stability profiles. We assessed the reus-
ability and shelf-stability of immobilized protease through
consecutive experiments.

Materials and methods
Materials

Soluble casein, azocasein, gelatin, and folin reagent were
purchased from Fluka Chemical Co. x-Carrageenan (Gelca-
rin GP 812®) was obtained from Phyto Technology Labo-
ratories®, USA. Polyethylenen-imine was acquired from
Sigma, Germany. The other chemicals were of analytical
grade.

Microorganisms and culture media

Streptomyces rochei strain NAM-19 was previously iso-
lated from a soil sample collected from El-Giza Governo-
rate, Giza, Egypt (Elsayed and Ahmed Abdelwahed 2020).
The strain was maintained in (5% (v/v)) glycerol at —80 °C.
The strain was regularly cultivated on 1% (w/v) casein-agar
plates, incubated at 32 °C before use as an inoculum for
protease production.

Solid state fermentation (SSF)

The one-variable at-a-time method was used to conduct an
initial screening of the most essential carbon and nitrogen
sources that would result in the highest protease produc-
tion. A variety of substrates, including rice straw, rice bran,
corn starch, oat flakes, cheese whey, and flaxseeds, were
bought from a local market. We washed these substrates,
except for cheese whey, with tap water and then distilled
water to remove any surface dust particles. The blanching
process involved submerging these substrates in hot water
(75-80 °C) for 20 min, followed by drying them in an oven
at 45 °C. The desiccated substance was pulverized using a
mixer grinder, followed by sterilization at a temperature of
121 °C and a pressure of 15 Ibs for 15 min. It was subse-
quently stored at a temperature of 4 °C until it was ready for
further utilization. To evaluate the different substrates for
Strep. AP production in SSF conditions, we started by taking
5.0 g of each substrate in a 250-mL Erlenmeyer flask. Then,
we added a predetermined volume of 1 mL of 50 mM potas-
sium phosphate buffer with a pH of 8.5. The mixture was
thoroughly mixed and sterilized by autoclaving at 121 °C
and 15 1bs of pressure for 15 min. The flasks were cooled to
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ambient temperature and thereafter inoculated with 2.0 mL
of a 48-h-old Streptomyces culture (ODgy,=0.49-0.51)
under aseptic conditions. The flasks were then incubated
at a temperature of 32 °C. Flasks that were not inoculated
were used as controls (Liu et al. 2023). Additional media
screening (Table 1) was conducted for varied durations (24,
36, 48, 72, and 96 h) (Lin et al. 2024).

Recovery of the enzymatic extract

To isolate the protease enzyme produced under SSF, a spe-
cific amount of the fermented matter was combined with
distilled water in a ratio of 1:5 (w/v). The mixture was stirred
using a magnetic stirrer for 30 min at room temperature,
approximately 25 °C. The slurry was thereafter passed
through cheesecloth and then subjected to centrifugation at
a force of 10,000 X g due to gravity for 10 min at a tempera-
ture of 4 °C to eliminate the substances that are not soluble
(Mendoza-Cal et al. 2010).

Determination of Strep. AP activity

The activity of alkaline protease produced by S. rochei strain
NAM-19 (Strep. AP) was assayed based on the method
(Tsuchida et al. 1986). The substrate casein, with a concen-
tration of 1% (w/v), is dissolved in a Tris—glycine buffer with
a pH of 10 and a concentration of 0.05 M. A 0.5-mL solution
of casein was mixed with an equal volume of enzyme solu-
tion that had been appropriately diluted. The mixture was
then placed in an incubator at a temperature of 40 °C. The
process was stopped after 10 min by adding 1 mL of 10%
trichloroacetic acid. The reaction mixture was subjected to
centrifugation, and then 5 mL of a 0.5 M Na,CO; solution
and 1 mL of a Folin Ciocalteau reagent that had been diluted
by a factor of two were added to the supernatant. The color
that formed after 30 min was measured at a wavelength of
660 nm using a UV-visible spectrophotometer (UV-vis
Shimadzu). One unit of enzyme activity is defined as the
amount of the enzyme that releases 1 pg of tyrosine/mL/min
under the over mentioned assay conditions.

Table 1 Different media for alkaline protease produced by Streptomy-
ces rochei strain NAM-19

Medium no. Medium composition
1 Flaxseed (1 g)+cheese whey (1 mL)
Flaxseed (1 g)+rice bran (1 g)
Rice bran (1 g)+ cheese whey
(1 mL)
4 Flaxseed (1 g)+rice bran

(1 g)+cheese whey (1 mL)

Optimization of Strep. AP using CCD statistical
design

Variables selected through one-factor-at-a-time (ofat) were
subjected to CCD at its five coded levels (—2,—-1, 0,+1,
and + 2) using the statistical software package MINITAB
(Release 17, PA, USA) and the average Strep. AP enzyme
activity was used to calculate the response (Table 2). The
impact of the parameters and their interaction terms on the
response variable has been examined by conducting signifi-
cance tests. Additionally, an analysis of variance (ANOVA)
has been performed on the response variable to assess the
adequacy of the model. A non-linear regression analysis
was conducted using the data obtained according to CCD
planning for response. This analysis yielded a second-order
polynomial equation that incorporates the effects of linear,
square, and interaction variables, which are process factors,
on the response. The functional relationship between the
response variable, Y, and the input variables is described by
a polynomial quadratic equation (Eq. 1) to account for the
non-linear calculation:

Y = By + BX; + BiX] + BXiX (1
where Y is the predicted value of Strep. AP activity, f,,
Pi» Pyi» and f;; represent the constant process effect in total,
the linear, quadratic effect of Xj, and the interaction effect
between X; and X; which are the coded independent vari-
ables, respectively, to produce Strep. AP enzyme. The
detailed analysis of the effect of parameters and their inter-
actions on the response was also done through surface plots
using STATISTICA software version 8§ through drawing 3D
surface plots. A probability level of P <0.05 was considered
statistically significant. Later, an experiment was run using
the optimum values for variables given by response optimi-
zation to confirm the predicted value of Strep. AP enzyme
concentration. The main effect was calculated as the differ-
ence between the average of measurements made at the high
setting and the average of measurements observed at the low
setting for each variable (Morilla et al. 2023).

Protein determination

Protein content was determined according to the method
(Lowry 1951) using crystalline bovine serum albumin as
a standard.

Ammonium sulfate precipitation

The culture filtrate solution was partially purified by ammo-
nium sulfate, which was added at different saturation per-
centages (0-20%, 20-70%, and 70-100%) then kept at 4 °C
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Table 2 Central composite

. Run Flaxseed (g) Rice bran (g) Cheese hey (mL) Inoculum size Alkaline protease
design (C‘CD? to study the . (mL) activity (U/mL)
effects of variables on alkaline
production by Streptomyces 1 1(-1) 1(-1) 1(-1) 2(-1) 79.700
rochei strain NAM-19 5 5(+1) =Dl 1=1) 2=1) 126.530

3 1(-1) 5(+1) 1(-1) 2(-1) 105.780
4 5(+1) 5(+1) 1(-1) 2(-1) 143.900
5 1(-1) 1(-1) 5(+1) 2(-1) 100.330
6 5(+1) 1(-1) 5(+1) 2(-1) 130.200
7 1(-1) 5(+1) 5(+1) 2(-1) 115.752
8 5(+1) 5(+1) 5(+1) 2(-1) 151.240
9 1(-1) 1(-1) 1(-1) 4(+1) 103.330
10 5(+1) 1(-1) 1(-1) 4(+1) 135.680
11 1(-1) S5(+1) 1(-1) 4(+1) 114.110
12 5(+1) 5(+1) 1(-1) 4(+1) 144.417
13 1(-1) 1(-1) 5(+1) 4(+1) 121.620
14 5(+1) 1(-1) 5(+1) 4(+1) 148.370
15 1(-1) S5(+1) +D5 4(+1) 134.860
16 5(+1) 5(+1) 5(+1) 4(+1) 166.930
17 0(=2) 3(0) 3(0) 3(0) 38.766
18 7(+2) 3(0) 3(0) 3(0) 175.700
19 3(0) 0(=2) 3(0) 3(0) 68.520
20 3(0) 7(+2) 3(0) 3(0) 166.800
21 3(0) 3(0) 0(=2) 3(0) 81.210
22 3(0) 3(0) 7(+2) 3(0) 157.248
23 3(0) 3(0) 3(0) 1(-2) 89.817
24 3(0) 3(0) 3(0) 5(+2) 159.020
25 3(0) 3(0) 3(0) 3(0) 176.358
26 3(0) 3(0) 3(0) 3(0) 176.490
27 3(0) 3(0) 3(0) 3(0) 176.100
28 3(0) 3(0) 3(0) 3(0) 176.360
29 3(0) 3(0) 3(0) 3(0) 176.490
30 3(0) 3(0) 3(0) 3(0) 176.220
31 3(0) 3(0) 3(0) 3(0) 176.630

overnight. The precipitates were then collected by centrifu-
gation (Lakshmi et al. 2018). This partially purified enzyme
was used for the preparation of the immobilized enzyme.

Immobilization of Strep. AP

k-Carrageenan (Carr) was obtained from Phyto Technol-
ogy Laboratories®, USA. An 2% aqueous Carr solution
was prepared via stirring in a 70 °C water bath. This solu-
tion was then dripped via a thin needle syringe onto a 3%
KCI solution to obtain the Carr beads. The beads were
kept overnight in the KCI solution (Wahba 2023b); after-
wards, they were washed and immersed in a 3% (w/w) pol-
yethylene-imine (PEI) solution at pH 8.65 for 2 h (Wahba
2020a). The beads were then meticulously washed and
immersed in 3% glutaraldehyde (GA) for 1 h. Finally, the
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glutaraldehyde-polyethylene-imine- k-carrageenan (GA-PEI-
Carr) beads were washed and kept in distilled water.

Efficiency of immobilization

The efficiency of immobilization (EF) was calculated using
the following equation:

EF (%) = Ai/Af x 100

where Ai is the specific activity of the immobilized
enzyme = specific activity of the free enzyme (Af) — specific
activity of the unbound enzyme.

Immobilization yield was calculated as reported by Ahmed
et al. (2018) using the following equation:

% Immobilization yield = (E, — Es)/E, X 100
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where Ejy=enzyme units taken for immobilization and
Es=enzyme units lost in the supernatant.

Characterization of immobilized and free Strep. AP

Influence of immobilization on the physicochemical proper-
ties of Strep. AP was evaluated as follows:

Effect of temperature

The optimal temperature for evaluating the free and immo-
bilized Strep. AP activity was determined by subjecting the
reaction mixture of both enzymes to various temperatures,
ranging from 30 to 90 °C, for 10 min (Qamar et al. 2020).
The optimum temperature has been taken as 100% activity,
and the relative activity at each temperature is expressed as
a percentage % activity.

Effect of pH

The optimal pH for both the free and immobilized Strep. AP
was determined by incubating the enzyme under optimal
conditions for 1 h in 0.5 mL of casein solution with a pH
range of 3—12 using different buffers (Qamar et al. 2020).
The maximum enzyme activity is shown as 100%, and each
pH is expressed relatively as a percentage of the activity.

Thermal stability

To demonstrate the stability of the immobilized enzyme
under elevated temperatures, the enzymes were subjected
to incubation in the enzyme’s buffer solution for durations
of 30, 45, and 60 min at temperatures of 50, 60, and 70 °C,
respectively. Subsequently, the enzymes were assessed for
their enzymatic activity. The data were standardized to
100% activity. The enzyme activity reaches its maximum
level when represented as 100%, and each temperature is
expressed relatively as a percentage of the activity (Awad
et al. 2020).

Effects of some metals, detergents, and enzyme inhibitors

The free and immobilized Strep. AP enzymes were pre-
incubated with one of the following metal ions (ImM):
CaCl,, MgCl,, CoCl, CuSO, MnCl,, ZnSO,4, HgCl,, and
KCl for 30 min at room temperature. The residual activity
was assayed at optimal conditions (pH 10 and 40 °C) and
compared to control (Abdella et al. 2023).

Substrate specificity

Substrate specificity of each free and immobilized Strep. AP
was determined using soluble casein, azo-casein, and gelatin

dissolved in Tris—glycine buffer pH 10 and using tyrosine as
a control (Bakhtiar et al. 2005).

K,and V.,
The Lineweaver—Burk plot, also known as the double recip-
rocal plot, was employed to derive the Michaelis—Menten
kinetic models that accurately describe the hydrolysis of
soluble casein by both the free and immobilized enzymes
(Lineweaver and Burk 1934). The apparent K, and V,, val-
ues of both free and immobilized Strep. AP were calculated
by drawing a graph where the reciprocal of the substrate
concentration (1/[S]) was plotted against the reciprocal of
the reaction velocity (1/[V]).

Reaction time

Both free and immobilized enzymes, in equal quanti-
ties, were incubated in the assay mixture at a temperature
of 40 °C for 10 min with a pH level of 10. Aliquots have
been collected at regular intervals ranging from 5 to 45 min
and subjected to analysis to determine the extent of casein
hydrolysis (Qamar et al. 2020).

Reusability

To assess the storage durability of the immobilized enzyme,
both the free and immobilized enzymes were stored at room
temperature (about 25 °C) in a Tris—glycine buffer with a pH
of 10. Subsequently, at consistent intervals, samples were
analyzed to quantify the enzyme activity using the previ-
ously outlined procedure. The procedure was performed 20
times, and the original activity was 100%. The relative activ-
ity was expressed as a percentage of the starting operational
activity (Abdella et al. 2023).

Shelf stability

The stability of the enzyme, both in its free form and when
immobilized, was investigated for a duration of 6 weeks at
a temperature of 4 °C. Every week, a sample of either the
free or immobilized enzyme has been collected and tested to
measure its enzymatic activity. The initial operational activ-
ity was considered to be 100% relative (Awad et al. 2020).

Statistical analysis

Each experiment was run three times, and the mean + stand-
ard deviations produced by MS Excel are used to show the
results. The optimization of the fermentation experiments
were designed and analyzed using MINITAB (Release 17,
PA, USA) and STATISTICA software version 8.
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Results and discussion
Optimization of Strep. AP production

S. rochei strain NAM-19 was previously isolated from a soil
sample collected from El-Giza Governorate, Giza, Egypt
(Elsayed and Ahmed Abdelwahed 2020). It was addition-
ally determined at a molecular level, exhibiting significant
branching in both the substrate mycelia and aerial hyphae.
These hyphae then developed into long, straight chains of
spores with smooth surfaces, known as recti-flexibles. On
starch nitrate agar media, the color of the colony ranges from
white to gray. The partial nucleotide sequence of the strain’s
16S rRNA gene was matched to NCBI nucleotide data-
bases using BLAST software. The results showed 99.31%
to 99.41% similarity with numerous Streptomyces strains.
The strain was deposited in the GenBank database with the
accession number MN630193.

An initial investigation was conducted to screen a range
of agro-based (wheat bran, rice bran, flaxseed grains, rice
straw, corn starch, oat flakes) and industrial waste (cheese
whey) residues. The residues can be used in SSF to sup-
port the growth of microbial cells and provide nutrients
(Souza et al. 2015). Fig. 1 displays various protease activi-
ties depending on the substrate type. Media containing rice
bran, cheese whey, and flaxseed exhibited higher protease
activity at 78, 23.4, and 62.4 U/mL, respectively, compared
to other substrates (Fig. 1). This modification highlights the
significance of media composition in attaining high enzyme
production. Rice bran, a by-product of the rice milling indus-
try, comprises 15-20% extremely nutritious proteins and is
a significant byproduct of rice processing, constituting 10%
of the whole rice grain. Lin et al. (2024) also utilized black
rice bran as an economical substrate for lactic acid bacteria

Pt

Alkaline protease activity(U/mL)

SIS
7

T T T
Rice bran Flaxseed Ricestraw Corn starch whey oat flaks

Different substrates

Fig. 1 Screening of different substrates such as rice bran, flaxseed,
rice straw, corn starch, oat flaks and cheese whey to produce alkaline
protease by Streptomyces rochei strain NAM-19
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fermentation (Tan et al. 2020; Lin et al. 2024). The research-
ers fermented rice bran to produce alkaline protease from
Bacillus licheniformis NRRL 14209 (Limkar et al. 2019).
Furthermore, the utilization of cheese whey as a cost-effec-
tive substrate was reported (Roncal et al. 2023). The pro-
duction of cheese results in significant quantities of whey, a
portion of which is discarded as waste, leading to significant
environmental challenges. Whey is the aqueous component
of milk that is extracted from cheese curds following the
enzymatic (or acidic) coagulation of casein proteins. The
composition of whey varies depending on the origin of the
milk and the manufacturing methodology used. The primary
constituent is water, comprising around 93-95% (w/w). The
dry matter component consists of approximately 66—77%
(w/w) lactose, 8—15% proteins, and 7-15% minerals (De Wit
2001; Panesar et al. 2007; Tsermoula et al. 2021). Addition-
ally, it includes small amounts of non-protein nitrogen, such
as amino acids, as well as vitamins and trace minerals. The
concentrations of the two primary constituents of whey, lac-
tose, and proteins are 46—52 g/L and 6-10 g/L, respectively
(Buchanan et al. 2023). Whey is a significant resource that
can be effectively and sustainably utilized, with fermentation
methods being a viable choice (Roncal et al. 2023). The use
of whey as a substrate for fermentation presents a possibility
for producing beneficial products. Fresh whey was used as a
substrate to produce alkaline proteases. Dias et al. produced
alkaline protease from B. subtilis ATCC 6633, and Bacillus
sp. UFLA 817CF by fermenting nutrient broth with cheese
whey powder (Dias et al. 2008). Additionally, the medium
supplemented with 50% whey, 1% skim milk, 10% NaCl,
and 1% CaCl, achieved the highest level of protease produc-
tion. The fermentation was carried out at a pH of 7.0 and a
temperature of 37 °C, employing B. thuringiensis (E1-Gayar
et al. 2020).

Effect of incubation time on screening of substrates

Most enzymes are synthesized during the logarithmic phase
of cell proliferation, serving as primary metabolites. On
the other hand, the stationary phase of cell growth leads
to the production of secondary metabolites (Hesketh et al.
2002). To maximize the production of Strep. AP enzyme, the
growth phase was optimized by harvesting the four-fermen-
tation media at regular 24-h intervals and assessing them
for enzyme production. Figure 2 shows that the production
of Strep. AP reached its highest level after 48 h of incuba-
tion for media No. 2 and 4, with values of 147 and 139 U/
mL, respectively. Other studies have investigated the impact
of the fermentation process on the functional properties of
flaxseeds, and its application in food products (Lorenc et al.
2022; Ye et al. 2022). Marambe and Wanasundara found that
flaxseed contains approximately 22% protein which consists
of nutritionally balanced levels of amino acids, indicating
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Fig.2 Screening of different media to produce alkaline protease
by Streptomyces rochei strain NAM-19 at different incubation time
(24, 48, 72 and 96 h). Values are mean + S.D. of 3 experiments

its potential as a protein source. Flaxseed protein contains
high levels of branched-chain amino acids such as valine and
leucine, as well as aromatic amino acids like tyrosine and
phenylalanine (Marambe and Wanasundara 2024). Moreo-
ver, it has been shown that flaxseed protein and its hydro-
lysates offer numerous advantages for health (Ye et al. 2022).
Hence, the incubation period of the fermentation process is
critical for product accumulation. We observed a gradual
decrease in protease production up to 96 h of incubation.
Novelli et al. (2016) proposed that protease production cor-
relates with varying fermentation periods among distinct
strains. Other studies reported that the optimized incubation
time for protease production was 3 days for B. subtilis (Yang
et al. 2000) and 4 days for Streptomyces sp. in submerged
fermentation (De Azeredo et al. 2004). Alkaline protease
by Pseudomonas aeruginosa in 24 h (Meena et al. 2013).

Based on our evaluation of several waste substrates and
incubation duration study, we determined that rice bran,
cheese whey, and flaxseed significantly impacted the pro-
duction of Strep AP. To further enhance this production, we
employed CCD optimization.

Central composite design for optimization Strep. AP
production

Strep. AP production in CCD varied from 38.766 U/mL
to 176.630 U/mL in the thirty-one experiments, with a set
incubation duration of 48 h (Table 3). The size of the intro-
duced inoculum into the medium determines the growth of
a microbial producer during fermentation. Research dem-
onstrated a decrease in alkaline serine protease production
at low inoculum levels but an increase in enzyme yield at
higher inoculum levels (Niyonzima and More 2015). Large
inoculum sizes cause rapid nutritional depletion, leading to
decreased production of alkaline serine protease (Niyonzima
and More 2015).

Table 3 provides the coefficients, t-values, and p-values
for linear, quadratic, and mixed effects at a 95% significant
level. The p-values were utilized to verify the significance
of each coefficient, potentially revealing the pattern of
interactions between variables. A smaller p-value signifies
greater significance in the associated coefficient. The coef-
ficient for the overall effect of the factors showed great sig-
nificance (p =0.000) on Strep. AP production. The impact
of flaxseed (p =0.000), rice bran (p =0.001), cheese whey
(p =0.006), inoculum size (p =0.009), and the squared
interaction effect of flaxseed versus flaxseed (p =0.000),
rice bran versus rice bran (p =0.001), cheese whey versus
cheese whey (p=0.001), and inoculum size versus inoculum
size (p =0.003) are identified as the most significant factors
affecting Strep. AP production. There was no significant
impact on Strep. AP production comes from the interactions
between flaxseed and rice bran, flaxseed and cheese whey,
flaxseed and inoculum size, rice bran and cheese whey, rice
bran and inoculum size, and cheese whey and inoculum
size. The regression equation reveals an R-squared value of
88.82%, indicating that the model can account for 88.82% of
the data. The corrected coefficient, with an R-squared value
of 79.03%, similarly demonstrates a high level of relevance
in the experiments. The equation resulted in an empirical
model that relates the measured response to the independent
variables of the experiment:

Strep. AP activity (U/mL) = 176.38 + 22.74 Flaxseed (g) + 13.66 Rice bran (g) + 11.16 Whey (mL) + 10.60 Inoculum size (mL)
— 15.74 Flaxseed (g) * Flaxseed (g) — 13.13 Rice bran (g) * Rice bran (g)
—12.74 Whey (mL) % Whey (mL) — 11.44 Inoculum size (mL) * Inoculum size (mL)
+ 0.01 Flaxseed (g) * Rice bran (g) — 1.46 Flaxseed (g) * Whey (mL) — 1.80 Flaxseed (g)

# Inoculum size (mL) + 0.33 Rice bran (g) * Whey (mL) — 1.79 Rice bran (g) * Inoculum size (mL)
+ 2.04 Whey (mL) * Inoculum size (mL)

Pigllae cllo &y .
px)\}cgjﬂﬁmmq mﬁ@ Springer



161 Page8of 16 3 Biotech (2024) 14:161

Table 3 Quadratic model-

ANOVA for alkaline protease
production by Streptomyces Source DF Adj SS AdjMSS  F-value
rochei strain NAM-19

Analysis of variance P-value

Model 14 38,338.1 2738.4 9.08 0.000*
Linear 4 22,568.1 5642.0 18.70 0.000*
Flaxseed (g) 1 12,405.7 12,405.7 41.12 0.000%*
Rice bran (g) 4476.9 4476.9 14.84 0.001*
Whey (mL) 1 2991.1 2991.1 9.91 0.006*
Inoculum size (mL) 1 2694.3 2694.3 8.93 0.009*
Square 4 15,564.4  3891.1 12.90 0.000%*
Flaxseed (g) * Flaxseed (g) 1 7083.2 7083.2 23.48 0.000*
Rice bran (g)*Rice bran (g) 1 4931.2 4931.2 16.34 0.001*
Whey (mL) * Whey (mL) 1 4641.0 4641.0 15.38 0.001*
Inoculum size(mL) * Inoculum size (mL) 1 3743.8 3743.8 12.41 0.003*
2-Way interaction 6 205.7 343 0.11 0.993
Flaxseed (g) * Rice bran (g) 1 0.0 0.0 0.00 0.998
Flaxseed (g) * Whey (mL) 1 34.3 343 0.11 0.740
Flaxseed (g) * Inoculum size (mL) 1 52.0 52.0 0.17 0.684
Rice bran (g) * Whey (mL) 1 1.8 1.8 0.01 0.940
Rice bran (g) * Inoculum size (mL) 1 51.1 51.1 0.17 0.686
Whey (mL) * Inoculum size (mL) 1 66.5 66.5 0.22 0.645
Error 16 4827.4 301.7
Lack-of-fit 10 4827.2 482.7 15,119.32 0.000
Pure error 6 0.2 0.0

30 43,165.5
Model summary N R-sq R-sq(adj)  R-sq(pred)

17.37 88.82% 79.03% 35.59%

Coded coefficients

Term Eff. Coef. SE Coef. T-value
Constant 176.38 6.57 26.87
Flaxseed (g) 45.47 22.74 3.55 6.41
Rice bran (g) 27.32 13.66 3.55 3.85
Whey (mL) 22.33 11.16 3.55 3.15
Inoculum size (mL) 21.19 10.60 3.55 2.99
Flaxseed (g) * Flaxseed (g) —31.48 —-15.74 3.25 —4.85
Rice bran (g) * Rice bran (g) —26.26 —13.13 3.25 —4.04
Whey (mL) * Whey (mL) —25.48 —12.74 3.25 -3.92
Inoculum size(mL) * Inoculum size (mL) —22.88 —11.44 3.25 —-3.52
Flaxseed (g) * Rice bran (g) 0.02 0.01 4.34 0.00
Flaxseed (g) * Whey (mL) —-2.93 —1.46 4.34 —0.34
Flaxseed (g) * Inoculum size (mL) -3.60 —1.80 4.34 —-0.41
Rice bran (g) * Whey (mL) 0.66 0.33 4.34 0.08
Rice bran (g) * Inoculum size (mL) —3.57 -1.79 4.34 —0.41
Whey (mL) * Inoculum size (mL) 4.08 2.04 4.34 0.47

SE standard error, ¢ student’s test, p corresponding level of significance

*Significant

ANOVA analysis of the regression model indicates that ~ The linear and quadratic effects of the factors significantly
the model is highly significant, as shown by the estimated  influenced extracellular Strep. AP production. The high
F-value (F model =9.08) and probability value (p=0.000).  F-value of 9.08 suggests that the second-order polynomial
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Fig.3 Response surface plot of alkaline protease production by
Streptomyces rochei strain NAM-19 showing the interactive effects,
A flaxseed concentration and whey concentration, B flaxseed con-
centration and rice bran concentration, C rice bran concentration and

model accurately represents the relationship between
enzyme activity and the process variables: flaxseeds, rice
bran, cheese whey, and inoculum size.

The 3D response surface plot visually represents the
regression equation and illustrates the interaction between
variables. Each figure illustrates the impact of two

Fig.4 Surface plots obtained

using STATISTICA software Optmal Flax see
representing the effects and D: 1,000 High 70
relationship between different — Cur [4.590]
significant variables on alkaline Predict  Low 00

inoculum size, D flaxseed concentration and inoculum size, E whey
concentration and rice bran concentration, and F whey concentration
and inoculum size

parameters on Strep. AP production, with the other two fac-
tors being maintained at the intermediate level. The data
showed that Strep. AP production would rise with higher
concentrations of flaxseed and rice bran, but going beyond
the optimum concentration would cause a reversal in this
trend (Fig. 3a). Combinations of flaxseed, cheese whey, rice

Rice bra

Whey(mL) Inoculum
70 70 50
[4.3131] [4.1717] [3.5455]
00 00 10

protease production; flaxseed,
rice bran, whey, and inoculum
size

Alkaline
Maximum
y = 187.8086
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Table 4 Summary of partial

. ! . ] Purification step Alkaline pro- Total protein ~ Specific activity ~ Yield (%) Purifi-
purification of alkaline protease tease (U) (mg) (U/mg) cation
produced by Streptomyces fold
rochei strain NAM-19

Culture filtrate 7500 300 25 100
Ammonium sulphate pre- 6500 52 125 86.67 5

cipitation (20-70%)

bran, and inoculum size showed similar production effects
(Fig. 3b). An increase in substrate concentration and inocu-
lum size was observed to enhance Strep. AP activity, which
then decreased after reaching a peak until the optimal point.

An optimization plot was created to determine the opti-
mum variable concentrations that would produce the highest
response (enzyme production). The study aimed to deter-
mine the maximum Strep. AP production is at the desired
value. The optimal condition, determined as the most effec-
tive combination of factor settings for obtaining the best
response, was identified as 4.59 g of flaxseed, 4.31 g of rice
bran, 4.17 mL of cheese whey, and 3.54 mL of inoculum
size, resulting in a predicted response of 187.8 U/mL. A
confirmatory experiment was conducted (at the optimum
conditions), and the outcome of 186 U/mL indicated a sig-
nificant closeness between the experimental and predicted
results, which verified the accuracy and applicability of the
developed optimum conditions. Results also revealed that
Strep. AP activity demonstrated its authenticity with a desir-
ability score of 1 (Fig. 4).

The optimization plot has many uses, such as getting the
predicted response with a higher desirability score, adjusting
the cost factor settings to almost optimal properties, study-
ing how response variables change when factor settings are
changed, and getting the needed response for a certain factor
setting. Morilla et al. (2023) employed the statistical design
CCD to produce protease using wheat bran agro-industrial
waste in a SSF process. El Salamony et al. (2024) also used
Plackett—-Burman Design and CCD in a statistical-math-
ematical model to optimize the production of alkaline pro-
tease through the SSF of agriculture waste.

Partial purification of Strep. AP by ammonium
sulfate

Optimized Strep. AP was partially purified from the culture
filtrate by ammonium sulfate precipitation (20-70%). Data
(Table 4) showed an efficient recovery (86.67%) with a high
purification fold (5). Pant et al. (2015) precipitated alkaline
protease from B. subtilis with ammonium sulphate at 75%
(W/v) saturation, and the yield of protein was 2.31 mg/mL,
with a total activity of 475.56 U/mL. While semi-purified
alkaline protease from B. cereus strain S8 using 50% ammo-
nium sulphate saturation gave 53.4% a recovery yield with a
1.67-purification fold (Lakshmi et al. 2018).
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Fig.5 Effect of different temperature on free and glutaraldehyde-
polyethylene-imine-x-carrageenan immobilized alkaline protease
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Fig. 6 Effect of different buffers with different pH on the activity of
free and glutaraldehyde-polyethylene-imine-k-carrageenan immobi-
lized alkaline protease

Immobilization efficiency

Strep. AP was immobilized via the GA-PEI-Carr beads
with 90 = 1.2% immobilization efficiency and 82+ 1.5%
immobilization yield. Such increased immobilization yield
reflected the abundance of the covalently interactive resi-
dues on the GA-PEI-Carr beads (Wahba 2023a). The yield
from the GA-PEI-Carr beads was higher than the >70%
immobilization yield that was reached by encapsulated B.
brevis alkaline protease in alginate (Qamar et al. 2020). It
was also a lot higher than the 35.51% immobilization yield
that was reached when B. licheniformis alkaline protease was
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covalently bound to GA-PEI-(agar-gum tragacanth) disks
(Wahba 2022).

Characterization of free and immobilized Strep. AP
Effect of temperature

The free Strep. AP optimal temperature was raised from
40 to 50 °C following its immobilization (Figs. 5 and 6).
Furthermore, the immobilized Strep. AP shows 80, 65,
and 50% activities at 60, 70, and 80 °C, respectively,
whereas only 40, 20, and 5% activities were shown by
the free Strep. AP, respectively. Such improved thermal
tolerance could reflect the enhanced thermal stability
of the immobilized Strep. AP (Wahba 2022). Similarly,
Qamar et al. (2020) reported that the alginate-entrapped B.
brevis alkaline protease recorded an optimal temperature
higher than its free one, and the immobilized protease also
demonstrated higher activities at elevated temperatures.
Moreover, immobilizing B. licheniformis alkaline protease
onto the GA-PEI-(agar-gum tragacanth) discs raised and
widened its optimal temperature and improved its thermal
tolerance (Wahba 2022).

Effect of pH

Figure 7 reveals that pH value of 10 was the optimal for
both the free and immobilized Strep. AP. Nonetheless, the
immobilized Strep. AP demonstrated higher activities at
both low and high pH values. For instance, it demonstrated
70, 80%, 95%, and 75% activities at pH values of 7, 8, 11,
and 12, respectively. However, the free Strep. AP demon-
strated 40%, 50%, 85%, and 55% activities, respectively,
at the same pH values. It has been seen that immobilizing
p-galactosidase (Wahba and Soliman 2018) and alkaline
protease (Hu et al. 2015) does not change the optimal pH
value and increases the pH tolerance at both low and high
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Fig.7 Thermal stability profile of free alkaline protease at 50, 60 and
70 °C at different time intervals
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Fig.8 Thermal stability profile of glutaraldehyde-polyethylene-
imine-k-carrageenan immobilized alkaline protease at 50, 60 and
70 °C at different time intervals

pH values. Some studies discussed that immobilization
induced only minor alterations in the electronic valence of
the enzyme active site, thereby not altering the optimal pH
value of the enzyme. However, the bonds created between
the enzyme and the immobilizer stabilized its construction
and raised its pH tolerance (Hu et al. 2015).

Thermal stability

Figure 8 demonstrates the enhanced thermal stability of the
immobilized Strep. AP. After being maintained at 50 °C,
60 °C, and 70 °C, respectively, for 1 h, the immobilized
Strep. AP showed 50, 40, and 35% activity, respectively. For
thermal stability evaluation of the free Strep. AP (Fig. 7), the
free enzyme demonstrated only 33%, 25%, and 5% activi-
ties, respectively. Similarly, the thermal stability of alka-
line proteases from B. aryabhattai and B. licheniformis was
improved when they were trapped in alginate beads and then
bonded to GA-PEI-(agar-gum tragacanth) discs (Adetunji

Table 5 Effect of some metal ions on the activity of free and immobi-
lized alkaline protease

Metal (1 mM)  Free alkaline-protease

residual activity (%)

Immobilized alkaline-pro-
tease residual activity (%)

Control 100 100
CaCl, 105 120
MgCl, 80 105
CoCl, 65 95
CuSO, 70 110
MnCl, 80 90
ZnCl, 75 100
HgCl, 50 80
FeSO, 40 65
KCl1 90 100
aﬁ#’iﬁﬁtﬁ @ Springer
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and Olaniran 2023; Wahba 2020b). Furthermore, the cova-
lent binding of B. licheniformis alkaline protease to porous
chitosan beads also enhanced its thermal stability (Tang
et al. 2023). The enhancement in the thermal stability of
covalently bound enzymes could be ascribed to their con-
struction rigidification, which was a consequence of their
multi-point covalent cross-links with the immobilizer (Rod-
rigues et al. 2021).

Effect of some metal ions

All the investigated metal ions lowered the free Strep. AP
activity, however, Ca>* slightly raised its activity (Table 5).
Metal ions could bind to the proteinaceous enzymes or to
other moieties, which are associated with the enzymes, and
this might inactivate or activate the enzymes. As an example,
the activation of Aspergillus niger endo-glucnase occurred
in the presence of Ca>* ions, while it was deactivated by
Fe?*, Cu®*, and Co®* (de Cassia Pereira et al. 2017). A simi-
lar pattern was observed in our studied Strep. AP (Table 5).

Immobilizing Strep. AP via the GA-PEI-Carr beads
reduced its sensitivity to inhibition via K*, Mn?*, Zn*",
Co**, Hg?*, and Fe>* (Table 5). Such reduced sensitivity
could be ascribed to the PEI layer in the GA-PEI-Carr beads
(Wahba 2022). PEI would constitute a flexible polymeric
bed between the immobilizer, and the enzyme might pen-
etrate this PEI bed (Virgen-Ortiz et al. 2017). PEI presents
cationic charges even at an elevated pH of 10 (Borkovec and
Koper 1997). These cationic charges might repel the cationic
metal ions away from the immobilized Strep. AP. Thus, the
concentration of the metal ions between the immobilized
Strep. AP would be reduced, and their inhibitory action
would also be reduced.

Table 5 also revealed the activity of the immobilized
Strep. AP was raised in the presence of Mg?* and Cu’™,
which were inhibitory to its free one. Notably, the influence
exerted by certain moieties on the enzyme’s activity could
be concentration-dependent. For example, methanol and
ethanol were found to activate the f-galactosidase in Asper-
gillus oryzae, but only up to a certain concentration. Above
that concentration, the methanol and ethanol inhibited the
activity of the p-galactosidase (Wahba 2023b). This may
also be the case with the immobilized Strep GA-PEI-Carr.

Table 6 Substrate specificity of the free and immobilized alkaline
protease

Substrate (1% (w/v))  Free alkaline protease Immobilized alkaline
relative activity (%) protease relative

activity (%)

Soluble casein 100 100
Azo-casein 85 90
Gelatin 80 95
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AP. As argued earlier, the cationic PEI in the GA-PEI-Carr
beads would repel and reduce the concentration of the metal
ions amidst the immobilized Strep. AP. Reducing the Mg>*
and Cu?*concentrations would convert their influence from
inhibitory to stimulatory if such influence was concentration
dependent.

Substrate specificity

Various proteinaceous substrates were used to assess the
substrate specificity of both free and immobilized proteases.
Both enzymes effectively hydrolyzed all the substrates, as
shown in Table 6. The free and immobilized enzymes had
relative activities of 85 and 90%, respectively, in hydrolyzing
soluble azo-casein under similar reaction conditions. This
was compared to a control sample of soluble casein, which
had an activity of 100%. Similarly, both the free and immo-
bilized Strep. AP were able to hydrolyze gelatin. The free
Strep. AP had a relative activity of 80%, while the immo-
bilized Strep. AP had a relative activity of 95% (Table 6).
The enzymes, whether free or immobilized, could hydrolyze
natural substrates such as casein and gelatin, as well as syn-
thetic substrates like azo-casein. Bakhtiar et al. (2005) found
the alkaline protease produced by Nesterenkonia sp. AL20
exhibited high efficacy in hydrolyzing casein and hemo-
globin while displaying limited effectiveness with other
protein-based substrates. B. brevis SSA1 produces an alka-
line protease that exhibits activity over a wide spectrum of
substrates, including casein, BSA, gelatin, and hemoglobin
(Aftab et al. 2006).

K, andV,

max

Immobilizing Strep. AP via the GA-PEI-Carr beads raised
its K., from 19.73 to 26.52 mM and its V,,, from 56.7 to

max

* Free alkaline

; 0.018 y =0.0139x + 0.0032
protease
. 0.016
® Immobilized
. 0.014
alkaline protease
0.012
w  0.01
0.008 y =0.0114x + 0.0031
0.006 R2=0.9916
0.004
-1k,  0.00
0
-1 -0.5 0 0.5 1 1.5

Fig.9 Lineweaver—Burk plot representing the effect of casein con-
centration (K,,) on free and glutaraldehyde-polyethylene-imine-k-
carrageenan immobilized alkaline protease enzyme activity (V)
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Fig. 10 Hydrolysis of soluble casein using free and glutaraldehyde-
polyethylene-imine-k-carrageenan immobilized alkaline protease

62.5 mmol min~'L~! (Fig. 9). Similarly, covalently bind-
ing laccase and B. safensis protease to the grafted Nylon-6
films and the GA-(PEI-sericin)-agar disks, respectively,
raised their K and V., (Fatarella et al. 2014; Gomaa et al.
2022). Moreover, the K, of B. licheniformis protease was
raised following its immobilization via the GA-PEI-(agar-
gum tragacanth) disks (Wahba 2022). Such a raised K ,, value
was ascribed to the lowered protease-substrate affinity, as
immobilization would lay restrictions on the substrate’s dif-
fusion. Furthermore, the modification and rigidification of
protease construction, following its covalent binding, could
have reduced its proficiency in forming the enzyme—sub-
strate complex, and this would lower its substrate affinity
(Wahba 2022).

Reaction time

Figure 10 shows that the initial casein hydrolysis rate was
higher in the case of the immobilized Strep. AP. After 10
and 20 min, the immobilized Strep. AP offered 65 and 80%
of the activities, whereas the free Strep. AP presented only
10 and 50% of the activities, respectively. These findings are
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Fig. 11 Reusability profile of glutaraldehyde-polyethylene-imine-«-
carrageenan immobilized alkaline protease

in accordance with the larger V,,, presented by the immo-
bilized Strep. AP. Notably, the V.. values recorded for the
alginate-entrapped B. brevis and B. aryabhattai alkaline pro-
teases were higher than their free one (Adetunji and Olaniran

2023; Qamar et al. 2020).
Reusability

The immobilized Strep. AP retained 80% of its initial activity
during the 20th cycle (Fig. 11). Such operational stability was
higher than that presented by the B. brevis alkaline protease,
which was entrapped in alginate, and the B. licheniformis alka-
line proteases, which were covalently bound to porous chitosan
beads and to GA-PEI-(agar-gum tragacanth) discs. These pro-
teases presented only 68, 70.3, and 52.85% activities during
their 10th, 7th, and 10th catalytic cycles, respectively (Qamar
et al. 2020; Wahba 2020b; Tang et al. 2023). Previously, sci-
entists attributed the reduced activity during the recycling of
covalently bound enzymes to the accumulation of enzymatic
products at the active sites, which impeded substrate diffusion.
Moreover, the interaction with the substrates could have dis-
torted the 3-D construction of the enzymes active sites, which
would also reduce their activity (Wahba 2023b).

Storage stability

Upon storing the free and the immobilized Strep. AP, the
free Strep. AP lost all its activity after 7 weeks of stor-
age, whereas the immobilized Strep. AP maintained 50%
of its initial activity (Fig. 12). The immobilized Strep. AP
enhanced stability could be ascribed to its ionic binding
within the PEI polymeric bed of the GA-PEI-Carr beads.
Such a PEI polymeric bed could form a favorable stabiliz-
ing nano-environment between the immobilized Strep. AP
as it could, for instance, partition the immobilized enzyme
away from destabilizing agents, such as cationic metal ions
(Virgen-Ortiz et al. 2017). Furthermore, the multi-point
covalent cross-links with GA would rigidify the immobilized
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Fig. 12 Shelf stability of free and glutaraldehyde-polyethylene-imine-
k-carrageenan immobilized alkaline protease at 5 °C

Pigllae cllo &y .
px)\}cgjﬂﬁmmq mﬁ@ Springer



161 Page 140f 16

3 Biotech (2024) 14:161

Strep. AP and this would increase its resistance to desta-
bilizing factors. Similarly illustrated by Rodrigues et al.
(2021). Comparing the storage stability of the immobilized
Strep. AP to that of B. subtilis alkaline protease, which was
adsorbed via silica nanoparticles (EI Salamony et al. 2023),
both immobilized samples retained 65% activity after 6
weeks of storage, as shown in Fig. 12.

Conclusion

The study investigated the production of alkaline protease via
waste-solid-state fermentation by S. rochei strain NAM-19.
The study found that flaxseed, rice bran, cheese whey, and
inoculum size were the most significant factors in the produc-
tion process. Using CCD design for production optimization
has been shown to be an effective and dependable way of
enhancing enzymatic production by optimizing bioprocess
variables. This design aided in identifying statistically sig-
nificant factors and establishing the appropriate concentration
of these components in the production medium and increased
the enzyme production by 27.2%. The immobilization of
optimized alkaline protease was successfully achieved using
GA-PEI-Carr beads. The results indicated that the covalent
immobilization efficiency was 90 +1.2%, while the immobili-
zation yield was 82 + 1.5%. Alkaline proteases exhibited their
highest activity at a pH of 10.0 and a temperature of 50 °C.
This resulted in a significant enhancement in the thermal sta-
bility and storage stability of the immobilized enzyme com-
pared to the free one. In addition, the immobilized enzyme
showed better substrate affinity and catalytic efficiency. It
also showed almost the same initial activity during up to
20 reaction cycles, which suggests its potential suitability
for industrial use. This study offers numerous benefits, as
it successfully addresses waste management and meets the
demand of the global industrial enzyme market by develop-
ing a cost-effective potential industrial enzyme. Organiza-
tions consider waste management to be a delicate subject, and
sustainable development is crucial for the preservation of the
environment. The increasing demand for industrial enzymes
in various applications, such as food processing and detergent
production, propels the market’s expansion.
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