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Microbial enzymes improve feed digestibility but face challenges of high cost and low stability. In this 
study, we optimized the production of protease, lipase, cellulase, and amylase from Bacillus subtilis 
using response surface methodology. We purified the enzymes and encapsulated them in alginate 
beads to enhance performance. Encapsulation widened their active pH and temperature ranges. It 
also improved storage stability, with encapsulated enzymes retaining 60–74% activity after 30 days at 
4 °C compared to 34–42% for free enzymes. These results show that alginate encapsulation increases 
enzyme robustness under variable conditions. The novelty of this work lies in the simultaneous 
optimization of four enzymes from one strain and their stabilization using a simple food-grade carrier. 
While the study demonstrates strong in vitro potential for poultry feed enrichment, in vivo trials are 
required to confirm practical application.
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It is widely acknowledged that microorganisms are essential for the industrial production of intracellular and 
extracellular enzymes1. Products like cheese, bread, wine, and beer may be made from chosen organisms that 
are cultivated in fermenters under ideal circumstances to achieve maximum production2,3. According to Ding et 
al.4 enzymes play a crucial role in the majority of cellular processes by acting as catalysts. The fact that microbial 
enzymes may be mass-produced using well-established fermentation procedures is a huge advantage. Microbes 
tightly regulate enzyme synthesis, making it possible to manipulate and leverage these regulatory mechanisms 
to enhance enzyme productivity5.

 Bacillus species typically produce extracellular enzymes, with Bacillus subtilis being a common producer 
in industrial settings. Akinsemolu et al.6 and Liu and Kokare7 state that only a small number of the enzymes 
derived from microbes are suitable for commercial production, with the exception of proteases, lipases, 
cellulases, amylases, and xylanases. Soil is the primary habitat for B. subtilis, also known as the hay bacillus or 
grass bacillus. According to Shi et al8. this organism, which has a rod-shaped body, has the ability to produce a 
durable endospore that protects itself from harsh environments. Both non-pathogenic and pathogenic Bacillus 
species are obligate aerobes or facultative anaerobes9.

Optimizing the economic and operational efficiency of a bioprocess begins with optimizing the process 
conditions. One variable-at-a-time (OVAT), the traditional optimization approach, may be effective in some 
situations10. By keeping all other variables constant, this technique allows one independent variable to fluctuate. 
The old approach requires numerous trials, which can be challenging and time-consuming. This approach 
disregards the potential effects of variable interactions11. The response surface methodology is a statistical 
technique-based approach that allows for the identification of many variable interactions in a small number 
of tests. Abdollahzadeh et al.12 use the RSM approach in optimization to achieve the optimal result as quickly 
as possible, while simultaneously studying the interactions of other variables. This technology enables the 
customization of media and growth conditions for cultivating various compounds, including enzymes, ethanol, 
amino acids, and primary and secondary metabolites13. Kumar et al.14 also use it to optimize the production of 
enzymes such as protopectinase, pectinase, cellulolytic, and xylanase.
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Poultry feeds often contain indigestible components such as complex carbohydrates, cellulose, and proteins 
bound to anti-nutritional factors, which reduce nutrient availability and feed efficiency5,8. To overcome these 
limitations, exogenous enzymes are routinely added to poultry diets, as they improve digestibility and nutrient 
absorption. However, current commercial enzyme products face two major challenges: they are expensive to 
produce and exhibit poor stability under storage and high-temperature pelleting conditions. Moreover, most 
studies have focused on single-enzyme supplementation19–22, while poultry feed requires a synergistic mix of 
multiple enzymes for maximum efficiency.

The novelty of this work lies in the simultaneous optimization of four major hydrolytic enzymes (protease, 
lipase, cellulase, and amylase) from a single Bacillus subtilis strain using RSM and their subsequent encapsulation 
in alginate beads for improved stability. Unlike prior studies that focused on optimizing or encapsulating 
individual enzymes, the present work uniquely combines four hydrolytic enzymes, protease, lipase, cellulase, 
and amylase, produced by a single Bacillus subtilis strain. This integrated optimization and encapsulation 
strategy offers a unified platform for developing enzyme premixes suitable for poultry feed applications. Such a 
multi-enzyme encapsulation approach enhances potential synergism and practical relevance for complex feed 
substrates. The current study reports optimization, purification, encapsulation, and in vitro characterization of 
enzymes. An in vivo feeding trial was conducted, but it will be published separately. This manuscript focuses on 
the in vitro data to highlight the production process and encapsulation performance.

Results
Optimized production of enzymes
In the current study, various conditions of pH, temperature, incubation period, and inoculum size were optimized 
for fermentation media to produce protease, lipase, cellulase, and amylase from Bacillus subtilis (Supplementary 
Table 1). The results depicted that all enzymes (protease, lipase, cellulase, and amylase) showed maximum 
activities at pH 7. The optimum temperature for protease was found to be 25 °C, while lipase, cellulase, and 
amylase showed maximum activity at 40 °C. It was also found that protease and cellulase showed maximum 
activities at 72 h while lipase and amylase showed maximum activities at 48 h. Likewise, in the case of inoculum 
size, protease, lipase, and amylase showed maximum activities at an inoculum size of 3 mL, while cellulase 
showed maximum activity at 2 mL.

ANOVA for response surface quadratic model for protease
The ANOVA results confirmed that the RSM models were reliable for predicting enzyme production under 
different fermentation conditions (Supplementary Tables 2–10). For protease and amylase, the models showed 
high F-values and low p-values (p < 0.05), indicating that the selected factors significantly influenced enzyme 
activity. The high R² and adjusted R² values further demonstrated that the models explained most of the variation 
in the experimental data.

In contrast, the lipase and cellulase models showed lower predictive accuracy, as reflected by negative 
predicted R² values. This suggests that although the models could describe the observed data, their ability to 
predict new responses was limited. Such outcomes are often linked to biological variability or to interactions 
not fully captured in the design. We therefore interpreted the results of lipase and cellulase optimization with 
caution.

The 3D response surface plots for each enzyme further illustrate the influence of pH, temperature, incubation 
time, and inoculum size on enzyme activity (Figs. 1, 2, 3 and 4).

Enzyme purification
The purification of each enzyme was performed using ammonium sulfate precipitation, dialysis, and gel filtration 
techniques. During the purification process, the crude enzymes protease, lipase, cellulase, and amylase showed 
an overall activity of 6.25, 20.45, 85.76, and 9.02 U/mL and a specific activity of 1.29, 16.78, 7.11, and 13.4 IU/
mg, respectively. Throughout each stage of the purification process, the overall activity of the enzymes declined, 
but the specific activity rose. The enzymes were partially purified via precipitation using 80% ammonium sulfate 
saturation. The enzymes (protease, lipase, cellulase, and amylase) obtained showed a specific activity of 13.7, 
31.62, 14.68, and 28.5 IU/mg, respectively, and their purification increased up to 6.34, 5.0, 2.06, and 18.7-fold, 
respectively. Following three buffer changes during dialysis, the protease, lipase, cellulase, and amylase that had 
been partially purified showed a specific activity of 18.3, 39.08, 33.5, and 37.4 IU/mg, and purification increased 
up to 12.67, 7.63, 31.22, and 21.09 folds. The enzymes were then purified through Sepharose CL-6B gel filtration, 
which purified the enzymes (protease, lipase, cellulase, and amylase) up to 87.5, 42.6, 68.12, and 89.03 folds with 
specific activities of 26.4, 82.73, 85.3, and 56.2 IU/mg, respectively (Table 1).

Characterization
The purified enzymes were characterized through SDS-PAGE analysis. In Fig. 5 (a, c, and d), Lane-1 represents 
the marker protein, Lane-2 represents the crude enzyme, and Lane-3 represents the purified enzyme. In contrast, 
in Fig. 5(b), Lane-1 represents the marker proteins, Lane-2 represents the purified enzyme, and Lane-3 represents 
the crude enzyme. The molecular characterization of each enzyme indicates that the molecular weights of the 
protease, lipase, cellulase, and amylase isolated from B. subitilis were determined to be 29 kDa, 45 kDa, 45 kDa, 
and 56 kDa, respectively (Fig. 5a-d).
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Characterization of alginate coated enzymes
FTIR analysis
According to FTIR analysis, the alginate-coated amylase exhibited a peak at 1000 cm-1, corresponding to the 
polysaccharide structure of alginate (C-O and C-O-C vibrations). 2nd peak at 1600 cm-1 indicates the presence 
of the C = O stretching bond in carboxylate groups of alginate and N-H bending in amides present in amylase 
(Fig. 6a). The FTIR analysis of alginate-coated lipase showed maximum peaks at 500–1650 cm-1 region. Here, 
the peaks between 800 and 1000 indicate the C-O-C stretching vibrations from alginate. Likewise, the peaks 
between 1150 and 1250  cm-1 indicate C-O-C stretching in the ether present in alginate, while the peak at 
1550 cm-1 indicates the N-H bending and C-N stretching vibrations of lipase (Fig. 6b). The FTIR analysis of 
alginate-coated protease indicates a peak at 1000 cm-1, which depicts the C-O-C stretching vibration of alginate. 
2nd peak between 1400 and 1500 cm-1 indicates the C-H bending from the methyl group present in alginate and 
protease (Fig. 6c). Likewise, the FTIR analysis of alginate-coated cellulase indicated a sharp peak at 1000 cm-1, 
indicating the C-O-C stretching vibrations for alginate. The peak at 1100 cm-1 indicates the glycosidic linkages 

Fig. 2.  Response surface plots showing the effect of fermentation parameters (pH, temperature, incubation 
time, and inoculum size) on the production of lipase by Bacillus subtilis. Each axis represents one variable, and 
the response surface indicates predicted enzyme activity based on the RSM model.

 

Fig. 1.  Response surface plots showing the effect of fermentation parameters (pH, temperature, incubation 
time, and inoculum size) on the production of protease by Bacillus subtilis. Each axis represents one variable, 
and the response surface indicates predicted enzyme activity based on the RSM model.
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in alginate and cellulase. Likewise, a peak at 1600 cm-1 indicates the presence of the C = O stretching bond in 
carboxylate groups of alginate and N-H bending in amides present in cellulase. A peak at 3300 cm-1 indicates 
the potential hydrogen bonding between alginate and cellulase (Fig. 6d).

XRD analysis
Figure 7 depicts that the multiple peaks of each alginate-coated enzyme (amylase, lipase, protease, and cellulase) 
indicate that these alginate-coated enzymes have well-defined crystalline structures, which confirms the 
significant stability of each alginate-coated enzyme. Since the XRD analysis of alginate-coated enzymes showed 
sharp peaks, it indicates the presence of larger crystallites in solution.

Fig. 4.  Response surface plots showing the effect of fermentation parameters (pH, temperature, incubation 
time, and inoculum size) on the production of amylase by Bacillus subtilis. Each axis represents one variable, 
and the response surface indicates predicted enzyme activity based on the RSM model.

 

Fig. 3.  Response surface plots showing the effect of fermentation parameters (pH, temperature, incubation 
time, and inoculum size) on the production of cellulase by Bacillus subtilis. Each axis represents one variable, 
and the response surface indicates predicted enzyme activity based on the RSM model.
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Enzyme kinetics
Effect of temperature
Figure 8 represents the effect of temperature on the enzymatic activity (a) protease, (b) lipase, (c) cellulase, and 
(d) amylase (uncoated and encapsulated). Results depicted that in uncoated form, protease showed maximum 
activity at 50–60 °C, lipase at 40 °C, cellulase at 40–60 °C, and amylase at 50–60 °C. Results also depicted that 
protease, cellulase, and amylase showed reduced activities above 60 °C, while lipase showed reduced activities 
above 40 °C. But in encapsulated form, an increase in enzymatic activity of each enzyme was observed at each 
temperature range, and after encapsulation, protease, cellulase, and amylase showed maximum activity up to 
70 °C. In contrast, lipase showed maximum activity up to 60 °C.

Effect of pH
Figure 9 represents the effect of pH on the enzymatic activity (a) protease, (b) lipase, (c) cellulase, and (d) amylase 
(uncoated and encapsulated). Results depicted that in uncoated form, protease showed maximum activity at 
pH 7–9, lipase at 7.5–8.5, cellulase at 6–7, and amylase at 6.5–7.5, and above that pH, these enzymes showed 
a reduction in their activities. But in encapsulated form, an increase in enzymatic activity of each enzyme was 
observed at each pH range, and after encapsulation, protease, lipase, cellulase, and amylase showed maximum 
activity at pH 5–10,5.5–9.5, 4–9, and 4.5–9.5, respectively.

Stability
Residual activities of free and encapsulated enzymes were monitored at 4 °C for 30 days (Fig. 10). All enzymes 
showed a progressive decline in activity with time, but encapsulation markedly slowed this loss. Protease retained 
74% of its initial activity after 30 days when encapsulated, whereas the free enzyme fell to 35%. Lipase displayed 
a similar trend, maintaining 67% activity in encapsulated form compared with 42% for the free enzyme at day 
30. Encapsulated cellulase preserved 61% of its original activity after 30 days, while the free enzyme dropped to 
34%. Encapsulated amylase retained 66% of its activity at day 30, in contrast to 39% for the free enzyme. These 
results demonstrate that alginate encapsulation substantially improves the storage stability of all four enzymes.

Discussion
The present study aimed to develop an enzyme premix for poultry feed by optimizing the production of protease, 
lipase, cellulase, and amylase from Bacillus subtilis. The combined optimization and encapsulation of multiple 
enzymes from a single strain represents a methodological advancement over previous single-enzyme studies. 
This design simplifies upstream fermentation and downstream formulation, potentially improving efficiency 
for industrial feed premix production. Members of the Bacillus genus are well known for producing antibiotics, 
enzymes, insecticides, and vitamins, and they are valued in industrial applications for their rapid growth and 
extracellular protein secretion15[,16. In this study, we optimized the fermentation conditions of pH, temperature, 
incubation period, and inoculum size to enhance enzyme yields. Bacillus subtilis secretes a variety of degradative 
enzymes17. Several proteins are generated during the exponential growth phase, but the bulk are made during 
the stationary phase that occurs before spore formation. Species from the Bacillus group can form spores, which 
allow them to withstand harsh environments and have beneficial effects in the host.

The optimized production of protease, lipase, cellulase and amylase through RSM indicated pH 7 an optimum 
pH for each enzyme, 25 °C an optimum temperature for protease and 40 °C for lipase, cellulase and amylase, 72 h 
incubation time an optimum time period for protease and cellulase while 48 h for lipase and amylase and 3 mL 
inoculum size for maximum production of protease, amylase and lipase while 2 mL for cellulase. These results 

Enzymes Purification steps Activity (U/mL) Protein content (mg/mL) Specific activity (IU/mg of protein) Purification (fold)

Protease

Crude enzyme 6.25 4.84 1.29 1

(NH4)2SO4 precipitation 4.375 0.32 13.7 6.34

Dialysis 3.187 0.17 18.3 12.67

Sepharose CL-6B 2.125 0.08 26.4 87.5

Lipase

Crude enzyme 20.45 1.218 16.78 1

(NH4)2SO4 precipitation 14.29 0.45 31.62 5.9

Dialysis 12.09 0.309 39.08 7.63

Sepharose CL-6B 6.98 0.084 82.73 42.6

Cellulase

Crude enzyme 85.76 12.06 7.11 1

(NH4)2SO4 precipitation 27.98 1.905 14.68 2.06

Dialysis 5.87 0.175 33.5 31.22

Sepharose CL-6B 4.65 0.054 85.3 68.12

Amylase

Crude enzyme 9.02 0.673 13.4 1

(NH4)2SO4 precipitation 6.05 0.212 28.5 18.7

Dialysis 5.67 0.151 37.4 21.09

Sepharose CL-6B 1.63 0.029 56.2 89.03

Table 1.  Summary of purification of enzymes at different steps.
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are consistent with earlier studies by Bhaskar et al.19 on protease and cellulase, Mazhar et al.20 and Lakshmi and 
Dhandayuthapani 21 on lipase, and Almanaa et al.22 on amylase production.

After optimization, the maximum yield of 87.5 fold, 42.6 fold, 68.12 fold, and 89.03 fold of protease, lipase, 
cellulase, and amylase was obtained, respectively, on purification. Homaei and Izadpanah Qeshmi23 obtained the 
same findings for protease, Fetyan et al. 24 for lipase, and Aladejana et al.25 reported similar results for amylase.

The characterization of purified enzymes was conducted through SDS-PAGE analysis. Results depicted a 
29 kDa protein for protease, a 45 kDa protein for lipase and cellulase, and a 56 kDa protein for amylase. Our 
findings were consistent with previous findings conducted by Demirkan et al.26.

In the next phase, the purified enzymes were coated with alginate to enhance their efficiency. The 
characterization of alginate-coated enzymes was done by using FTIR and XRD. The FTIR and XRD analysis 
confirmed the successful coating of enzymes with alginate. Al-Harbi SA, Almulaiky27; Mohammadi et al.28; 
Abdella et al.29, and Wang et al.30 also observed similar peaks for alginate-coated amylase, lipase, protease, and 
cellulase, respectively. XRD analysis showed sharp peaks indicating a successful crystalline structure of alginate-
coated amylase, lipase, protease, and cellulase, which were consistent with a previous study conducted by Khan 
et al.31.

Fig. 5.  Characterization of (a) protease, (b) lipase, (c) cellulase, and (d) amylase through SDS-PAGE analysis. 
(a, c & d) Lane-1: Protein ladder (molecular weight markers in kDa), Lane-2: crude enzyme, and Lane-3: 
purified enzyme. (b) Lane-1: Marker proteins (kDa), Lane-2: purified enzyme, and Lane-3: crude enzyme.

 

Scientific Reports |         (2026) 16:2770 6| https://doi.org/10.1038/s41598-025-32668-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The alginate-coated enzymes showed an improvement in activities at different pH and temperature ranges 
than non-coated enzymes. Abd Ellatif32; Pereira et al.33 and Çamurlu D, Önal34, reported similar results for 
optimum pH and temperature ranges for protease, lipase, cellulase, and amylase, respectively.

Alginate encapsulation conferred a consistent protective effect on all enzymes during refrigerated storage. 
Encapsulated forms retained more than 60% of initial activity after 30 days, whereas the corresponding free 
enzymes retained only 34–42%. This pattern matches previous reports of encapsulated hydrolases maintaining 
60–90% activity after 30–35 days at 4 °C49–51. The alginate matrix likely restricts enzyme mobility, reduces 
exposure to denaturing factors, and limits autolytic degradation, thereby preserving catalytic function52.

Although alginate encapsulation significantly improved stability, other carriers such as chitosan, 
nanocomposites, and hybrid alginate–polymer systems have been shown to provide even higher retention and 
reusability. Compared with these advanced carriers, alginate remains advantageous because it is low-cost, food-
grade, and simple to apply, making it suitable for feed applications, though with somewhat lower protection 
compared to nanocomposites.

The enhanced thermostability and pH tolerance of the alginate-encapsulated enzymes indicate potential 
resilience during feed pelleting and storage, key challenges in enzyme supplementation for poultry diets. These 
attributes suggest that encapsulation could reduce enzyme degradation before ingestion and improve nutrient 
digestibility once incorporated into feed. Moreover, the use of a food-grade polymer such as alginate aligns with 
industrial and regulatory safety requirements. Collectively, these findings provide a foundation for developing a 
multi-enzyme premix with extended shelf life and improved functionality in poultry feed formulations.

Although the present findings demonstrate promising in vitro stability and functional properties, future 
studies will focus on integrating these enzymes into poultry feed formulations and evaluating growth 
performance, feed conversion ratio, and nutrient digestibility in broiler trials. Finally, it should be noted that 
while this study successfully optimized enzyme production, purification, and encapsulation, we did not perform 
a direct cost-effectiveness study. The reason is that such an analysis requires pilot-scale production data and 
comparison with commercial enzyme prices, which were beyond the scope of our laboratory-scale work. 
However, we acknowledge this limitation, and a cost comparison will be included in future scale-up studies.

Conclusion
This study demonstrated that Bacillus subtilis is a cost-effective source of protease, lipase, cellulase, and amylase, 
and that response surface methodology provides efficient optimization of production conditions. Encapsulation 

Fig. 6.  FTIR analysis of alginate coated (a) amylase, (b) lipase, (c) protease and (d) cellulase.
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in alginate beads broadened the active pH and temperature ranges and improved storage stability, with 
encapsulated enzymes retaining 60–74% activity after 30 days compared to 34–42% for free enzymes. These 
improvements highlight the potential industrial application of alginate-coated enzymes in poultry feed premixes. 
However, the absence of in vivo feeding trials remains a limitation, and future work will focus on validating 
enzyme efficacy in poultry systems and comparing costs with commercial enzyme products.

Materials and methods
Materials
All chemicals, unless otherwise specified, were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany). 
Nutrient broth and agar were obtained from HiMedia Laboratories (Mumbai, India). Sephadex CL-6B was 
purchased from GE Healthcare (Chicago, IL, USA). Coomassie Brilliant Blue and SDS-PAGE reagents were 
obtained from Bio-Rad Laboratories (Hercules, CA, USA). Dialysis tubing was from Thermo Fisher Scientific 
(Waltham, MA, USA). Instruments used included an orbital shaker incubator (Eppendorf, Hamburg, Germany), 
centrifuge and UV–Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), FTIR spectrometer 
(Bruker, Billerica, MA, USA), and XRD system (PANalytical, Malvern, UK).

Culture Preparation
Bacillus subtilis was used in this current study, and a Pure culture was taken from the Enzyme Biotechnology 
Laboratory, Department of Biochemistry, University of Agriculture, Faisalabad. The bacteria were cultured in 
a media described by Mawadza et al.35 with slight modifications. The media contained 2.5 g of tryptone, yeast 
extract and carboxymethyl cellulose, 0.01 g of nitriloacetic acid, 0.004 g of CaSO4.H2O, 0.02 g of MgCl2.6H2O, 
1.3 g of ferric citrate and 0.05 mL of Na2HPO4-KH2PO4 buffer.

Optimization of fermentation conditions
The substrate wheat straw (5 g) was taken in a 250 mL conical flask, and 5 mL of basal salt was added to the 
substrate. The optimization of fermentation conditions encompassing pH, temperature, incubation time, and 
inoculum size for each enzyme was conducted using response surface methodology (RSM). The conditions 
tested to investigate the maximum yield of each enzyme are depicted in Supplementary Table 1. All the inoculated 
flasks of fermentation media with carbon and nitrogen source, and all other optimized parameters, 29 runs 
were applied with the range of fermentation period 24–72 h. After the completion of process, the optimized 

Fig. 7.  X-ray Diffraction (XRD) analysis of alginate-coated amylase, lipase, protease, and cellulase.
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Fig. 9.  Effect of pH on coated and uncoated (a) protease, (b) lipase, (c) cellulase and (d) amylase.

 

Fig. 8.  Effect of temperature on coated and uncoated (a) protease, (b) lipase (c) cellulase and (d) amylase.
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fermentation conditions (pH, temperature, incubation time and inoculum size) were selected for each enzyme 
at which they give maximum activity36.

After placing the fermentation media in the orbital shaker, all the media were placed in the sterilized Falcon 
tubes and weighed equally. Then, they were centrifuged at 10,000 rpm for 15 min, and after the centrifugation, 
we obtained the crude form of the enzyme. The pellets were discarded, and the supernatant is the form of the 
harvested enzyme37.

Enzyme activity
The protease assay was determined using spectrophotometry. The reaction mixture for the protease assay contains 
specific chemicals, including casein, tris HCl buffer (pH 8.5), and crude enzyme and incubated for 10 min at 
50 °C. After incubation, the reaction was halted by adding 10% TCA. All falcon tubes were placed in ice for 
one hour. After one hour, the tubes samples underwent filtration and centrifugation at 10,000 rpm for 10 min. 
The precipitates from the tubes were removed and the absorption was monitored using a spectrophotometer 
(Thermo Fisher Scientific, USA) at a wavelength of 280 nm38.

For lipase activity, the reaction mixture contained Arabic gum, a 0.2 M phosphate buffer with a pH of 7, and 
coconut oil, combined in a 2:1:1 ratio. These components were thoroughly mixed to ensure a homogeneous 
solution. An aliquot of 0.1 mL of this prepared substrate solution was transferred to a flask, to which 1 mL of a 
1 M CaCl2 solution was added. Subsequently, 0.01 mL of crude enzyme was introduced, and the mixture was 
incubated on a rotary agitator at 30 °C for 1 h, at a rotational speed of 150 rpm. After the incubation period, the 
reaction was terminated by the addition of 5 mL of a 1:1 acetone-ethanol mixture, and the solution was stirred 
thoroughly. The resulting mixture was then titrated with 0.01 N NaOH until a distinct color change to pink was 
observed39.

For cellulase activity, the enzyme was introduced to test tubes with a capacity of 0.5 mL. Each test tube 
included a paper strip measuring 1 × 6 cm, along with 1 mL of a NaAc buffer with a concentration of 50 mM and 
a pH of 4.8. Following a 60-minute incubation in a water bath set at 50 °C, 3 mL of DNS reagent was introduced 
into each tube, which was then subjected to vigorous boiling for a duration of 5 min. After diluting the colored 
solution with 20 mL of H2O, 200µL samples were transferred to a 96-well flat bottom plate (Corning, NY). The 
absorbance at 540 nm was then measured using a plate reader (Bio-TEK, Power Wave HT model, Winooski, 
Vermont)40.

The amylase activity was measured using the 3,5-Dinitrosalicylic Acid (DNS) method as described by 
Msarah et al.41. Specifically, 0.5 mL of each enzyme source was combined with 1% soluble starch, which had 
been dissolved in a 0.1 M phosphate buffer at pH 7. This mixture was incubated at 55 °C for 15 min. To halt 
the reaction, 1 ml of DNS reagent was introduced. The resulting mixture was then boiled for 10 min. Following 
boiling, distilled water was added to adjust the total volume to 12 mL. The concentration of reducing sugars 
produced was determined by measuring absorbance at 540 nm.

Fig. 10.  Stability profile of encapsulated enzymes (a) Protease; (b) Lipase; (c) Cellulase & (d) Amylase.
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Enzyme purification
Ammonium sulphate precipitation
The partial purification of enzymes was performed by using ammonium sulphate (Sigma-Aldrich, Germany) 
precipitation method. Firstly, the saturation point for Amylase was found which is 70% (70 g of (NH3)2SO4 in 
100mL) then further process was proceed. In which, two steps were followed to attain purified enzyme42.

Dialysis
The obtained pellets of the enzymes were placed in dialysis bag and close from both sides tightly and placed in 
the 0.1 M phosphate buffer beaker stirred on magnetic stirrer for at least 4 h process shown in Fig. 3.4. After 
that, the purified enzymes were shifted in Eppendorf for further enzyme assays and protein content, along with 
other purification step41.

Gel filtration
After dialysis, enzyme samples were further purified by gel filtration chromatography following the method 
of Dhayalan et al43. with modifications. Sephadex CL-6B (GE Healthcare, Chicago, IL, USA) was swollen in 
distilled water and heated at 96 °C for 5–6 h before packing into the column. The column was equilibrated with 
0.1 M phosphate buffer. A 0.5 mL aliquot of the most active ion-exchange fraction was loaded, and 50 fractions 
(2 mL each) were collected at a constant flow rate using phosphate buffer. Enzyme activity and protein content 
were measured in each fraction to identify the peak fractions.

Characterization of enzymes
Protease, lipase, cellulase, and amylase were characterized by SDS-PAGE following the method of Fincan et al44. 
with minor modifications. A 5% stacking gel and 12% resolving gel were prepared. Purified enzyme samples 
were mixed 1:1 with sample buffer, vortexed briefly, and heated at 95 °C for 3–4 min. Approximately 10–14 µL of 
each sample, along with protein markers, was loaded onto the gel. Electrophoresis was performed at 80 V until 
the dye front reached the bottom.

Gels were stained with Coomassie Brilliant Blue ((Hercules, CA, USA) for 2 h with gentle shaking, rinsed 
with distilled water, and destained with destaining solution until protein bands became visible.

Enzyme encapsulation
The extrusion method was used to encapsulate enzymes. The enzymes were coated using the alginate standard 
technique, as described by Qamar et al.45. Each enzyme was individually introduced into a hydrocolloid solution 
called alginate. Subsequently, the cell suspension was forced through a syringe needle to create droplets. These 
droplets were then allowed to fall freely into a bath containing a solution called CaCl2, which causes them to 
harden. The alginate concentration used was 1% in order to create a gel with a CaCl2 concentration of 0.5 M. 
The experimental diets were supplemented with enzymes coated with alginate to ensure uniformity in the size 
and shape of the beads.

Encapsulation was performed using the purified enzyme fraction with the highest specific activity obtained 
after gel filtration (Table 1). This approach ensured that each alginate bead contained the maximum amount of 
active enzyme and allowed a direct comparison of activity before and after encapsulation.

Characterization of encapsulated enzymes
FTIR analysis  To perform FTIR spectroscopy on alginate-coated enzymes, the samples were first prepared by 
grinding them into a fine powder if solid or diluting them if liquid. A small amount of the powdered sample or a 
drop of the liquid sample was placed onto the FTIR sample holder, either as a potassium bromide (KBr) pellet or 
using an attenuated total reflectance (ATR) accessory. For KBr, the sample was mixed with KBr and pressed into 
a thin pellet, whereas for ATR, the sample was placed directly on the crystal surface. The FTIR instrument (Bill-
erica, MA, USA) was calibrated according to the manufacturer’s instructions. The spectral scan was conducted 
over a range of 4000 to 400 cm⁻¹ with a resolution of 4 cm⁻¹ to capture the infrared absorbance46.

XRD analysis
To perform X-ray diffraction (XRD) analysis on alginate-coated enzymes, the samples were prepared by 
grinding them into a fine powder. The powdered sample was then placed into the sample holder of the X-ray 
diffractometer (Malvern, UK). The X-ray source was set to use Cu Kα radiation (λ = 1.5418 Å), and the scan 
was conducted over a 2θ range from 5° to 70°, with a step size of 0.02° and a scan speed of 2°/min. The resulting 
XRD pattern was examined for multiple diffraction peaks, which indicated well-defined crystalline structures47.

Enzyme kinetics
Effect of temperature
The purified enzymes and encapsulated enzymes were incubated with substrate at different temperature ranges 
(30–80 °C)45.

Effect of pH
The purified enzymes and encapsulated enzymes were incubated with substrate at different pH ranges45. For 
protease and cellulase, pH ranges were selected from 3 to 11, and for lipase and amylase, the selected pH ranges 
were between 3.5 and 11.5.
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Storage stability
Free and encapsulated enzyme samples with equal initial activity were stored at 4  °C. Residual activity was 
determined after 0, 7, 15 and 30 days. Encapsulated samples were dissolved in sodium citrate buffer before assay. 
Residual activity was expressed as percentage of the day-0 activity.

Statistical analysis
All biological assays were performed in triplicate (n = 3) and data are reported as mean ± standard deviation 
(SD). Response surface methodology (RSM) was implemented using a central composite design (CCD) with 
29 runs using Design-Expert v.12 (or specify software used). Four independent variables (pH, temperature, 
incubation time, and inoculum size) were optimized to maximize enzyme production. Analysis of variance 
(ANOVA) was used to test model significance and lack-of-fit. Model adequacy was evaluated using R², adjusted 
R², predicted R² and residual analysis. Statistical significance was accepted at p < 0.0548.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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