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Introduction: Immobilizing enzymes on solid supports such as magnetic nanoparticles offers multi-dimensional advantages, 
including enhanced conformational, structural, and thermal stability for long-term storage and reusability.
Methodology: The gene encoding subtilisin Carlsberg was isolated from proteolytic Bacillus haynesii, a bacterium derived from salt 
mines. The nucleotide sequence encoding pro-peptide and mature protein were cloned into pET22(a)+ vector and expressed in E. coli. 
The extracted enzyme was subsequently immobilized on glutaraldehyde-linked-chitosan-coated magnetic nanoparticles.
Results: Fourier-transform infrared analysis revealed higher intensity peaks for the enzyme-immobilized nanoparticles indicating an 
increase in bonding numbers. X-ray diffraction analysis revealed a mild amorphous state for immobilized nanoparticles in contrast to 
a more crystalline state for free nanoparticles. An increased mass content and atomic percentage for carbon and nitrogen were recorded 
in EDX analysis for enzyme immobilized magnetic nanoparticles. Dynamic light scattering analysis showed an increase in average 
particle size from ~85 nm to ~250 nm. Upon enzyme immobilization, the Michaelis-Menten value increased from 11.5 mm to 15.02 
mM, while the maximum velocity increased from 13 mm/min to 22.7 mm/min. Immobilization significantly improved the thermo-
stability with 75% activity retained by immobilized enzyme at 70 °C compared to 50% activity by free enzyme at the same 
temperature. Immobilization yield, efficiency and activity recovery were 61%, 84% and 51%, respectively. The immobilized enzyme 
retained 70% of its activity after 10 cycles of reuse, and it maintained 55% of its activity compared to 50% activity by free enzyme 
after 30 days of storage.
Conclusion: The present study highlights the efficacy of magnetic nanoparticle-based immobilization in enhancing enzyme function-
ing and facilitates its incorporation into commercial applications necessitating high stability and reusability, including detergents, 
medicines, and bioremediation.
Keywords: enzymes, immobilization, nanoparticles, thermal stability, re-usability

Introduction
Enzymes serve as necessary biological catalysts that are critical for synthesis and breakdown reactions in all living 
organisms. In history, this role dates to ancient civilizations, although unknowingly, for processes like cheese making and 
wine production.1–3 Recently, the industrial utilization of these catalysts has surged due to their capabilities to substitute 
the use of chemicals and other hazardous conditions like extremes of pH and temperature. These biological molecules 
have been considered eco-friendly for many years. Chemical pollutants, which are produced as a result of industrial 
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manufacturing processes, present a risk to both the environment and human health. Adoption of enzyme-based 
approaches for conversion reactions is considered as an environmentally sustainable strategy, with the potential to 
mitigate chemical pollutants.4–6 The catalytic abilities and diversified functionalities of enzymes are primarily attributed 
to microorganisms. However, essential constraints like low catalytic efficiency, activity, and stability under industrial 
environments have increased the need for novel strategies for their optimization. These strategies comprise the 
identification of microorganisms with spontaneously evolved enzymes suited for industrial tasks, engineering of the 
existing enzymes, and/or the immobilization of these catalysts to enhance their industrial applicability.4,6 One such 
microorganism that has been explored as a potential source of industrially relevant enzymes is Bacillus haynesii. Bacillus 
haynesii is a Gram-positive anaerobic bacterium initially isolated by Dunlap CA.7 This bacterium harbors genes for 
proteases, including subtilisin Carlsberg, in its genome. Subtilisins are a class of proteases that are categorized as serine 
proteases. These enzymes demonstrate activity at basic pH, featuring a serine residue at their active site for nucleophilic 
attack on peptide bonds.8 Serine alkaline proteases account for about 90% of all commercial enzymes sold annually, and 
they are widely used in industries such as food, detergent, and leather.9–11 Subtilisins are involved in proteolytic activities 
for fulfilling the nutritional requirements of the bacteria and are secreted in the bacillus species. In the native subtilisin 
product, there is a (a) leading peptide – a guide for secretion, and (b) a pro-peptide – (chaperone) possibly for correct 
folding of the active part of the protein.12,13 Previously, subtilisin Carlsberg has been cloned in Bacillus species to obtain 
the product in the secreted form. E. coli, being a heterologous host for Bacillus genes, has not been used frequently for 
cloning of the subtilisin, however there are several studies where subtilisin genes from different bacillus species are 
cloned in E. coli, expressed, and confirmed for proteolytic activities.14 In 2016, Bjerga et al demonstrated the cloning of 
pro-peptide along with the active segment in E. coli, its cytoplasmic expression, and the activity of subtilisin Carlsberg.15 

The native stability of subtilisins at alkaline pH restricts their industrial utilization, requiring engineered variants and 
immobilization of these enzymes on certain solid supports for practical applications.16

To address this limitation and enhance the stability and reusability of subtilisins, immobilization on novel matrices 
such as magnetic nanoparticles has emerged as a promising approach. Over the past decade, various enzymes have been 
immobilized on magnetic nanoparticles, demonstrating improved properties and extended applicability in industrial and 
biomedical processes.17 Such as lipases, widely used in the production of biodiesel and biopharmaceuticals, have been 
immobilized on functionalized magnetic nanoparticles, showing enhanced thermostability and activity in organic 
solvents.18 Similarly, amylases, crucial for starch processing industries, have exhibited improved catalytic efficiency 
and thermal stability upon immobilization on chitosan-coated magnetic nanoparticles.19 Proteases, like subtilisin and 
trypsin, have also been immobilized on magnetic supports for use in protein hydrolysis and detergent formulations. These 
systems often demonstrate improved reusability, making them economically viable for continuous processes.20 In 
addition, glucose oxidase, a key enzyme in biosensors and food industries, has been immobilized on magnetic 
nanoparticles, significantly enhancing its operational stability and shelf life.21 Beyond industrial applications, peroxidases 
and catalases immobilized on magnetic nanoparticles have found use in environmental remediation, including wastewater 
treatment and the degradation of harmful pollutants. The immobilization of these oxidative enzymes enhances their 
durability and simplifies their recovery for repeated use.22,23

Compared to conventional techniques, immobilization of enzymes on magnetic nanoparticles is a novel approach, 
safeguarding increased stability. Immobilization offers structural, conformational, and thermal stability, long-term storage 
capability, and reusability of enzymes, and, as a result, augments the overall enzymatic functionalities.24 Enzyme 
immobilization can be achieved in several ways. Entrapment involves physically enclosing the enzyme within 
a porous matrix, such as alginate, agarose, or polyacrylamide gels. This method shields enzymes from external 
denaturation while allowing substrate diffusion into the matrix. However, entrapment often faces diffusional limitations, 
reducing reaction efficiency, particularly when working with larger substrates or viscous media.25,26 Encapsulation entails 
enclosing enzymes within a semi-permeable membrane or vesicle, such as liposomes or polymer microcapsules. This 
technique provides high protection against external conditions, ensuring the enzyme’s structural integrity. However, 
encapsulation processes can be resource-intensive, and the membranes may hinder substrate access, potentially limiting 
activity.27 Cross-Linking involves the creation of enzyme aggregates through chemical cross-linkers, such as glutar-
aldehyde. This method results in highly stable enzyme structures, often referred to as cross-linked enzyme aggregates 
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(CLEAs). Cross-linking enhances enzyme stability and prevents desorption but may lead to reduced catalytic efficiency if 
the enzyme’s conformation is altered during the process.28 Physical adsorption, one of the simplest immobilization 
methods, relies on non-covalent interactions, such as hydrophobic, ionic, or van der Waals forces, to attach enzymes to 
a support. While cost-effective and easy to implement, this method suffers from weak binding, making the enzyme prone 
to detachment under operational conditions.29 For this purpose, covalent bonding is a commonly used approach. In this 
method, an enzyme and protein molecule’s amino acids and a charged carrier surface that is insoluble in water 
form covalent bonds.30,31 The approach used presents some advantages such as the stability and strength of the covalent 
bond formed between the enzyme and the support surface preventing the dissociation of the enzyme and its leakage into 
the reaction mixture. In this case, the enzyme is bound to the surface of the support, which enhances its contact with the 
substrates. As a result, the strong engagement between the biocatalyst and the carrier leads to improved catalytic 
stability.32 Chitosan offers amino and hydroxyl groups in its structure that makes it an ideal carrier material for enzyme 
immobilization on solid surfaces. Glutaraldehyde is bifunctional reagents and can react with chitosan’s amino groups to 
activate it by offering its second aldehyde group for binding with amino group of the concerned amino acid moiety on the 
surface of an enzyme.33 Among various immobilization platforms, magnetic nanoparticles (MNPs) have gained attention 
due to their high surface area, ease of functionalization, and ability to be magnetically separated and reused. While 
several studies have explored the immobilization of different proteases on solid supports, limited attention has been 
directed toward the immobilization of subtilisin Carlsberg, a widely used serine protease known for its broad industrial 
applicability, including detergents, pharmaceuticals, and food processing.34,35 Previous studies on subtilisin immobiliza-
tion have primarily focused on alternative supports such as silica-based materials, polymeric beads, or sol-gels, with 
limited structural or functional insights provided on enzyme performance post-immobilization.

This study involved the screening of protease-producing Bacillus haynesii obtained from a local salt mine in the 
Karak district of Khyber Pakhtunkhwa, Pakistan. The presence of the gene encoding a subtilisin-like serine protease was 
confirmed through PCR amplification and subsequent sequence analysis. Specific primers targeting the pro-peptide and 
native active regions of the gene segment were utilized for amplification, followed by cloning in E. coli. After expression 
and extraction, the obtained enzyme was immobilized on magnetic nanoparticles for improved catalytic activity, thermal 
stability, and enzyme recovery from the reaction mixture.

Methodology
Cloning and Expression of Subtilisin Carlsberg
The presence of the subtilisin Carlsberg gene was confirmed in Bacillus haynesii isolated from salt mines in district 
Karak, Pakistan, using degenerate primers (Table 1) for subtilisin-like serine proteases, followed by subsequent sequence 
analysis using the NCBI database. Restriction sites for Nco1 and Xho1 enzymes were incorporated at the ends of the 
amplified product. For expression of the target gene, pET28(a)+ expression vector was utilized, and the recombinant 
vector was introduced into competent E. coli BL21 Gold (DE3) cells.

Table 1 Primers Set Used for the Amplification of 16s rRNA and Subtilisin Gene

Primer Forward Reverse

Conserved sequence of 16s rRNA gene 27F AGAGTTTGATCCTGGCTCAG 1392R GGTTACCTTGTTACGACTT

Degenerate Primers for Subtilisin like protease CAY GGI ACI CAY GTI GCI GG CCI GCI ACR TGI GGI GTI GCC AT

Amplification of complete Sub-C gene TCCTGTCATTCGCGAACTCC TCCTGTCATTCGCGAACTCC

For Pro-peptide and Mature Sub-C CTCAGCCGGCGAAAAAT TTATTGAGCGGCAGCTTCG

For Pro-peptide and Mature Sub-C 

Forward Primer: (NcoI restriction site) Reverse Primer 
(XhoI restriction site)

CTccatggcaCTCAGCCGGCGAAAAAT TTATTGAGCGGCAGCTTCGctcgagG
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Production and Purification of the Enzyme
The transformed E. coli BL21 Gold (DE3) cells were initially cultured at 37 °C and 200 RPM for 14 hours. Upon reaching 
an OD of 0.6, 0.2 mm IPTG was used as inducer for target gene expression. The cells were then harvested at 4000 RPM, 
using a benchtop (Beckman Coulter) centrifuge at 4 °C for 20 minutes. The supernatant was removed, and the lysates were 
centrifuged at 5000 RPM for 15 minutes. The clear supernatant, representing the soluble fraction of the protein, was 
subjected to SDS-PAGE for the estimation of its molecular weight. The supernatant obtained was applied onto a His tag 
column (Complete His Tag, Roche) for affinity purification, and final elution was achieved using an imidazole buffer 
(250mM). Successful expression was confirmed through SDS-PAGE and a casein protease assay for enzyme activity.

Model Building and Structural Analysis for Identification of Target Residue for 
Immobilization
A three-dimensional (3D) model for the protease was calculated using the homology modelling approach. For this 
purpose, the MODELLER software (Wiederstein and Sippl 2007) was employed, and the known structure of subtilisin 
Carlsberg from Bacillus licheniformis (PDB code: 1SBC), having the highest sequence similarity with the target 
sequence, was used as a template. A total of 5 models were generated which were subsequently analyzed for the 
stereochemical quality using the PROCHECK program (Laskowski et al 1993) and energy profiles using the ProSA-web 
server (Wiederstein and Sippl 2007). The best model was selected for structural analysis. The model was visualized using 
the PyMOL Open tool (free available to download) (http://www.pymol.org).

Preparation of Magnetic Nanoparticles
For the preparation of magnetic Fe3O4 nanoparticles (Mag-NPs), a chemical co-precipitation method was employed as 
described by Saravanakumar et al (2014) with some modifications. A mixture of Fe2+ and Fe3+ ions in a 1:1 molar ratio 
was added to 25% (NH4OH) solution, followed by vigorous stirring and heating at 65 °C for 15 minutes in a water bath. 
The magnetic nanoparticles (Mag-NPs) were extracted using an outer magnet.

Coating Chitosan on Magnetic Nanoparticles
For the preparation of chitosan-coated magnetic nanoparticles (Mag-CTS-NPs), magnetic nanoparticles (Mag-NPs) were 
dispersed in a 4 mg/mL chitosan suspension with the addition of a 0.5 mg/mL TPP (tripolyphosphate) solution 
simultaneously. This was followed by ultrasonic treatment at room temperature for 30 minutes.

Activation of (Mag-CTS-NPs) with Glutaraldehyde
To achieve the activation of Mag-CTS-NPs with glutaraldehyde, 50 mg of Mag-CTS-NPs were dispersed in 30 mL of 4% 
glutaraldehyde (GA) solution and stirring at 25 °C for 3–4 hours. The activated nanoparticles (Mag-CTS-GA-NPs) were 
then collected using an outer magnet (Nguyen et al 2019).

Functionalization of the Support Material (Mag-CTS-GA-NPs) with Enzyme
The Mag-CTS-GA-NPs (100mg) were activated and then suspended in a solution of 10 mL of 25 mm sodium phosphate 
buffer at pH 7.0. The solution also contained 18 U/mL of subtilisin activity in the presence of 0.01% cetrimonium 
bromide. The mixture was continuously stirred for 3 hours at a temperature of 25 °C. The immobilized subtilisin was 
then separated from the solution using magnetic decantation and washed with 25 mm sodium phosphate buffer.

Enzyme Activity Assay
For the estimation of enzyme activity, 0.6% casein solution was prepared in Tris-HCl buffer (pH 8.0), then 1 mL of the 
enzyme solution with activity of 18 U/mL and immobilized enzyme (Mag-CTS-GA-NPs) was added. This mixture was 
then incubated for 30 minutes at 40°C. After incubation, the mixture was centrifuged for 10 minutes, and absorbance was 
measured at 660 nm after adding 5 mL of 500 mm NaCO3, followed by the addition of 1 mL of Folin & Ciocalteu 
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reagent. An enzyme activity unit (U) was defined as the amount of enzyme that releases 1 μmol of tyrosine per minute 
under optimal conditions.

Activity determining for the free enzyme, post-immobilization filtrate remaining, and the immobilized enzyme were 
determined using the above-mentioned procedure for each sample. Immobilization yield, efficiency, and activity recovery 
were calculated as described by.36

pH and Temperature Optimization
Optimal pH and temperature for both the free and Mag-CTS-GA-Enz-NPs were determined by conducting reactions at 
a pH range of 7 to 11 by keeping all the other reaction conditions constant. Likewise, the effect of temperature on the 
activities of both the free and immobilized subtilisin Carlsberg was determined over a range of 40°C to 70°C.

Characterization of the Support and Enzyme Immobilized Support Material
Thermogravimetric analysis (TGA) was performed to determine the thermal decomposition properties of the Mag-NPs, 
Mag-CTS-GA-NPs and Mag-CTS-GA-Enz-NPs using Thermal Analyzer (STA 8000, Perkin Elmer USA). Fourier 
transform infra-red (FTIR Carry 630 Agilent Technologies USA) was used for determination of functional groups, 
X-ray diffraction patterns (XRD) was recorded on a rotating anode X-ray diffractometer, JDX-3532, JEOL, Japan at 40 
kV, 30 mA with a CuKa (λ=1.5418Å). Samples were scanned from 3° to 90° (2θ) at a scanning rate of 3°/min. The three 
sample including (Mag-NPS, Mag-CTS-GA-NPs and Mag-CTS-GA-Enz-NPs) were analyzed using, EDX-7000 
Shimadzu Japan for determination of elemental composition. Once the data was collected, the spectrum of the peaks 
was analyzed to identify the characteristic X-ray peaks corresponding to elements in the sample, and the height of the 
peak was analyzed for quantitative analysis of the sample. The determination of particle size distribution was conducted 
using dynamic light scattering (ZetaSizer Blue-Malvern Panalytical UK).

Enzyme Kinetics
The enzymatic activity of both the free enzyme and the enzyme immobilized on nanoparticles was assessed across 
a range of substrate concentrations (1–7 mm) under conditions of pH 10.0 and a temperature of 55 °C. The Lineweaver– 
Burk curve was generated by plotting the reciprocal of the reaction rate (1/V) against the reciprocal of the substrate 
concentration (1/[S]). The Km and Vmax values for both free and immobilized enzymes were obtained by calculating the 
slope and intercept of the resulting linear equation.

Results
Culturing and Identification of Bacterial Species
Halophilic bacteria were isolated in a salt medium as separate colonies. Isolated colonies were processed for the 
confirmation of proteolytic activities, and glycerol stocks were prepared. Clear zones of hydrolysis were observed 
after overnight incubation on skimmed milk agar plates (Figure S1 supportive info). The proteolytic strains were 
subjected to DNA isolation, and the extracted DNA was amplified using 16S rRNA gene universal primers through 
PCR (Table 1). The amplified PCR products were confirmed on 2% gel electrophoresis (Figure S2 supportive info). 
Sequence analysis through NCBI database confirmed the isolated bacteria as Bacillus haynesii, and the sequence was 
submitted to GenBank OM811293.1.

Cloning of the Target Gene (Subtilisin Carlsberg)
Degenerate primers were used for amplification of subtilisin-like proteases. Sequence analysis of the amplified product 
confirmed the presence of subtilisin gene in isolated strain of the Bacillus haynesii. Complete subtilisin gene was 
amplified using primer sequences, and sequence analysis showed 99% similarity with subtilisin Carlsberg.
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Cloning of Subtilisin Carlsberg Gene with Pro-Peptide Sequence
The pro-peptide and mature peptide without signal peptide were amplified using specific primers (Table 1), and the amplified 
product was cloned in pET28(a)+ vector and transferred into E. coli. Double digestion of the plasmid with NcoI and XhoI on 
agarose gel confirmed the cloning insert (Figure 1). Map of the transformed plasmid pET22 (a)+ vector, showing different 
region like promoter region, open reading frame and other genes. Different colour is used to highlight the different region and 
restriction sites, the colour indicate unique restriction sites of different enzymes (Figure S3 supportive info).

Optimal expression of the target gene was achieved by culturing the transformed E. coli cells at 37°C with shaking at 
200 RPM and inducing expression with 0.2 mm isopropyl β-D-1-thiogalactopyranoside (IPTG) when the optical density 
(OD) reached 0.5–0.6.

Harvesting of Cells and Extraction of Protein
The cells were harvested for the isolation of protein, and SDS gel electrophoresis confirmed that the molecular weight of 
isolated protein was around 27 kDa (Figure S4 supportive info).

Structural Analysis for Immobilization of Subtilisin Carlsberg on Magnetic 
Nanoparticles
The structural analysis revealed that the subtilisin Carlsberg contains various polar amino acids, particularly serine and 
lysine, on its surface that could be targeted for immobilization of the protein on nanoparticles using a cross-linking agent. 
It is suggested that lysine residues are more suitable than serine residues for immobilization of the protease on 
nanoparticles due to the following reasons: i) unlike serine, lysine is not a catalytic residue of the protease, and any cross- 
linking reaction that involves lysine is, therefore, unlikely to negatively influence the catalytic activity of the enzyme, and 
ii) there are six lysine residues located on the surface of the enzyme that could be targeted for immobilization of the 
protease on nanoparticles (Figures S5–S8 Supportive info). In Figure 2, the predicted model in (green) and template 

Figure 1 Confirmation of subtilisin Carlsberg and digested plasmid on agarose gel electrophoresis; Lane 1: marker, Lane 2: Plasmid, Lane 3: Subtilisin inserted plasmid, Lane 
4: Subtilisin and Lane 5: Marker.
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structures shown in (Blue) are superimposed. The active site residues (His, Thr, and Asp) have similar conserved 
conformations. Out of the 5 models generated using the MODELLER tool (Webb and Sali 2021), the best model 
contained more than 99.5% residues in the allowed regions, as indicated by the Ramachandran plot (Figure 3a). 
Furthermore, the best model has a ProSA energy score of −10 (Figure 3b), suggesting that the model could reliably 
be used as such for structural analysis without the need for performing energy minimization steps. The z-score of the 
predicted protein structure is −10 (as shown by the black dot), indicating a significant similarity to known experimental 
structures. This exceptionally low z-score suggests that the predicted conformation falls well within the acceptable range 

Figure 2 Structural model of the sequenced gene with Subtilisin Carlsberg (PDB code: 1SBC) showing 97% similarity by superimposition of the two structures.

Figure 3 (a) The Ramachandran plot calculated using the PROCHECK program. The selected model contains 99.5% residues in the allowed regions (b) -score of the 
predicted model calculated using the ProSA-web server. The z-score of the predicted protein structure is −10 (as shown by the black dot) indicating a significant similarity to 
known experimental structures. This exceptionally low z-score suggests that the predicted conformation falls well within the acceptable range of structural variability. 
Structures with z-scores below 2 are typically considered to align closely with established conformations, and a z-score of −10 strongly supports the validity of this 
prediction.
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of structural variability. Structures with z-scores below 2 are typically considered to align closely with established 
conformations, and a z-score of −10 strongly supports the validity of this prediction.

Analysis of Support Material and Enzyme Immobilized Support Material
Various physical and chemical analysis were performed for the characterization of the Mag-NPs, Mag-CTS-NPs, Mag- 
CTS-GA-NPs and Mag-CTS-GA-Enz (Figures S4–S7 supportive info).

FTIR Spectroscopy
FTIR spectroscopy confirmed the immobilization of Sub-C onto Mag-CTS-GA-NPs. The spectra of free nanoparticles 
(Mag-NPS), chitosan coated nanoparticles (Mag-CTS-NPs), glutaraldehyde activated chitosan coated nanoparticles 
(Mag-CTS-GA-NPs), and enzyme-immobilized nanoparticles (Mag-CTS-GA-Enz-NPs) are shown in Figure 4. 
A detectable shift in the peaks around 3130.9 cm−1, 2359.4 cm−1, 2117.1 cm−1, 1643.7 and 1054.8 suggests the pattern 
of distinct change in frequencies.

XRD Analysis
X-ray diffraction of materials determines the crystal structure, composition, and orientation of materials by assessing how 
X-rays deflect off their atoms. XRD patterns of the free nanoparticles (Mag-NPs), chitosan-coated nanoparticles (Mag- 
CTS-NPs), glutaraldehyde-activated chitosan-coated nanoparticles (Mag-CTS-GA-NPs), and enzyme-immobilized nano-
particles (Mag-CTS-GA-Enz-NPs) are shown in Figure 5. In all the four samples, there is a display of six characteristic 
peaks for Fe3O4. These peaks, identified by their indices (220), (311), (400), (422), (511), and (440) at 2θ angles of 30.1, 

Figure 4 Fourier Transform Infrared (FTIR) spectra of Free Mag-NP (red), Mag-NP-Chi (blue), Mag-NP-Chi-Glu (green) and Mag-NP-Chi-Glu-Enz (black).
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35.5, 43.1, 53.4, 57.0, and 62.6 degrees, were nearly consistent for all samples. The binding of enzyme did not induce 
any major phase changes of Fe3O4.

Dynamic Light Scattering (DLS)
Our results indicate that free Fe3O4 nanoparticles have an average size of approximately 80 nm Figure 6a. Mag-NPs with 
enzyme indicate average size of approximately 250 nm Figure 6b. Mag-CTS-NPs show an average size of approximately 
90 nm Figure 6c. Mag-CTS-GA-NPs indicate an average size of approximately 150 nm Figure 6d.

TGA Analysis
The thermal degradation trends were examined between 100 and 800 °C for three samples. Figure 7 displays the weight 
loss curves for immobilized enzyme Mag-CTS-GA-Enz and CTS-GA coated and uncoated Mag-NPs. In the temperature 
range of 125–750 °C. From the weight loss profile, it can be observed that free nanoparticle lost 7% of its weight at 750 
°C, in contrast to enzyme immobilized Mag-NPs which lost almost 30% of its weight at the same temperature. The TGA 
profile of the immobilized nanoparticles exhibited three distinct stages of weight loss, corresponding to water loss, 
thermal degradation of the organic matrix, and eventual decomposition of residual organic material. The initial weight 
loss, occurring between 100°C and 150°C, was attributed to the loss of adsorbed and bound water molecules. This step 
was more pronounced in the immobilized nanoparticles due to the hydrophilic nature of the enzyme and the chitosan 
coating, both of which enhance water retention. The second stage of weight loss, occurring between 500°C and 600°C, 
corresponded to the thermal degradation of the chitosan coating and the enzyme. The decomposition of chitosan is likely 
initiated at around 580 °C, while the enzyme contributed to further weight loss at slightly higher temperatures. This trend 
supports successful immobilization, as the observed weight loss in this temperature range, was significantly higher than 
that of the bare nanoparticles, which lacked an organic matrix. The third and final stage, above 580 °C, was associated 
with the decomposition of remaining organic residues, including residual enzyme fragments and cross-linking agents 
such as glutaraldehyde. The reduced residue weight at this stage, compared to bare nanoparticles, indicated the effective 
decomposition of organic components associated with immobilization.

Figure 5 XRD pattern of Free Mag-NP (red), Mag-NP-Chi (green), Mag-NP-Chi-Glu (black), MagNP-Chi-Glu-Enz (blue).
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EDX Analysis
In the case of the enzyme immobilized magnetic nanoparticles (Mag-CTS-GA-Enz), the EDX analysis showed an 
increase in the intensity of the peaks that are corresponding to carbon (C) and nitrogen (N) and was markedly higher 
compared to the (Mag-CTS-GA-NPs). The increase in the elemental composition for carbon (C) and nitrogen (N) in the 
enzyme immobilized nanoparticles clearly signifies the presence and inclusion of these elements within the sample, 
indicating a successful immobilization of the enzyme as shown in the Figure 8a–c.

Enzyme Kinetics
To determine initial velocities for kinetic parameters, reactions were conducted at various casein concentrations ranging 
from (1–7 mm) for 15 minutes. The Michaelis–Menten constants (Km) and (Vmax) values of both the free enzyme and 
(Mag-NPs) immobilized enzymes were found by analyzing the Lineweaver-Burk graphs through non-linear curve fitting. 
The immobilization process resulted in an increase in the Km constant from 11.5 mm to 15.02 mm. In this case, Vmax 
increased from 13 to 22.7, which can be attributed to an increase in the enzyme stability and altered microenvironment of 
the enzyme (Figure 9).

Figure 6 DLS of size distribution particles: (a) DLS of Free Mag-NP (b) DLS of Enzyme attached nanoparticles (c) DLS of MagNP-Chi (d) MagNP-Chi-Glu.
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Immobilization Yield, Efficiency, and Activity Recovery
The determination of immobilized enzyme activity involves calculating the difference between the initial enzyme activity 
and the remaining enzyme activity in the enzyme solution after immobilization. The initial step involves utilizing 
subtilisin Carlsberg as the catalyst in the immobilization mixture.

Immobilization efficiency describes the percent activity of the enzyme that is found in the immobilized state.

Observed activity is measured by calculating the actual activity of the immobilized enzyme. In this case, the activity of 
Mag-CTS-GA-Enz-NPs is the observed activity. The third parameter frequently employed to assess the success of 
immobilization is the activity recovery. This is obtained by multiplying immobilization yield with immobilization 
efficiency. Activity recovery is to represent the percentage of observed activity in comparison to the starting activity.

Figure 7 Thermogravimetric analysis of Mag-NP (blue), Mag-NP-Chi-Glu (red), and MagNP-Chi-Glu-Enzy (black).

Figure 8 EDX analysis (a) magnetic nanoparticles (Mag-NPs), (b) (Mag-CTS-GA-NPs), (c) magnetic nanoparticles (Mag-CTS-GA-Enz-NPs).
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The data shown in Table 2 reveals that about 61% of the enzyme activity in the solution becomes immobilized onto the 
magnetic nanoparticles. The observed efficiency is approximately 84%. The total activity recovery in this case is about 
50%. Post-immobilization decline in enzyme activity is attributed to conformational alterations that usually happen 
during the covalent binding of the enzyme to the carrier.

Stability Studies of Immobilized and Free Enzyme
Enzymes covalently attached to support usually lose some activity, however it notably enhances the enzyme’s thermal 
stability in comparison to its free form in the solution. Our results in (Figure 9) indicate that the free enzyme shows 90% 
activity at 55 °C while immobilized enzyme shows 95% activity at 55 °C. At 60 °C, the immobilized enzyme retains 80% 
activity. Overall, the thermal stability analysis of free and immobilized enzymes across temperatures from 40 °C to 70 °C 
reveals that the free enzyme retains up to 55% activity with the rise of temperature, while immobilized enzymes can 
retain up to 75% activity (Figure 10).

Optimum pH for Free and Immobilized Enzyme
In this study, various pH conditions ranging from pH 7.0 to 11 were used to assess the effect of pH change on free 
subtilisin Carlsberg and immobilized subtilisin Carlsberg using casein as a substrate. The results are displayed in 
Figure 11, showing the relative activity of both the free and immobilized subtilisin Carlsberg. The results of our study 
suggest that the most favorable pH for the free enzyme is 10, but the most favorable pH for the immobilized enzyme is 
9.5. The optimal pH for both the free and immobilized enzyme remained fairly constant, with a pH difference of only 0.5. 

Figure 9 Lineweaver-Burk plots for kinetic parameters determination of free enzymes and immobilized enzymes.

Table 2 Immobilization Yield, 
Efficiency, and Activity Recovery of 
Enzyme on Magnetic Nanoparticles

Parameter Value (%)

Immobilization Yield 61

Immobilization Efficiency 84

Activity Recovery 50

https://doi.org/10.2147/NSA.S499101                                                                                                                                                                                                                                                                                                                                                                                                                                       Nanotechnology, Science and Applications 2025:18 82

Khan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)



The immobilized enzyme exhibits greater activity than the free enzyme between pH 7.0 and 7.5. At pH 10.5 immobilized 
enzyme has about 85% activity while free enzyme has 90% activity.

Storage and Reusability Experiments
Both free and immobilized enzymes were stored at 4 °C, and their activities were detected for a period of 30 days at 
3-day intervals. Figure 12 shows the percentage relative activities, with the starting activity of the two samples set at 
100% activity. The activity graph indicates that after 15 days of storage, the free enzyme exhibited around 70% activity, 
while the magnetic nanoparticle-immobilized enzyme retained 75% activity. The same 75% percent activity level was 
persistent in the immobilized enzyme until the 21st day of storage.

By day 25, the activity of the free enzyme decreased to nearly 50%, while the immobilized enzyme retained around 
65% activity. On day 30, the activity of the free enzyme dropped below 50%, whereas the immobilized enzyme showed 
approximately 53% activity. Figure 13 illustrates the enzyme activity of the immobilized enzyme at various cycles. It was 
noted that the immobilized enzyme maintained 70% of its activity across 10 cycles.

Figure 10 Effect of temperature on percent activity of the enzyme; Free Enzyme (blue), Immobilized Enzyme (red).

Figure 11 Effect of pH on percent activity of the enzyme; Free Enzyme (black), Immobilized Enzyme (red).
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Discussion
The present study focusses on isolating halophilic bacteria that are able to produce industrially important enzymes 
(proteases). For this purpose, the salt mines of Karak (Pakistan) were screened for the isolation of proteolytic bacteria, 
which resulted in the isolation of proteolytic Bacillus haynesii. Bacteria from different extreme environments have gained 
significant attention because of exceptional adaptation and the ability to produce different enzymes having strong 
catalytic properties and enhanced stability.37,38 The production of protease enzymes by the isolated bacteria was detected 
by observing clear zones surrounding the bacterial colonies grown on skim milk agar media. The proteolytic bacteria 
were then identified using 16S rRNA gene through PCR amplification. These results show the significance of extreme 
environments, such as salt mines in this case, for the isolation of bacteria that naturally produce industrially important 
enzymes.39,40 The heterologous expression of subtilisin Carlsberg gene in E. coli signifies an important step for the 
production and characterization of these important enzymes. Subtilisin is a serine protease, having widespread applica-
tions in leather, detergent, and food processing, because of high catalytic efficiency and stability under various harsh 
conditions such as alkaline pH and higher temperature.36,41 The subtilisin gene was successfully amplified using 
degenerate primers and subsequently cloned in pET28(a)+ vector, which shows the importance of molecular cloning 

Figure 12 Effect of immobilization on storage stability. Free enzyme (black) Immobilized enzyme (red).

Figure 13 Reusability of immobilized enzyme over multiple cycles.

https://doi.org/10.2147/NSA.S499101                                                                                                                                                                                                                                                                                                                                                                                                                                       Nanotechnology, Science and Applications 2025:18 84

Khan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)



in the isolation and expression of desired genes from diverse microbial communities.16,42 The use of inducers such as 
IPTG and the optimization of the expression is very important for maximizing the yield of recombinant enzymes.43 The 
expression of the subtilisin Carlsberg was further validated through the estimation of its molecular weight using SDS- 
PAGE analysis.44 The predicted structural model of subtilisin Carlsberg showed a high degree of similarity between the 
enzyme’s active site residues (His, Thr, and Asp) and those in the template structure, confirming the conservation of key 
catalytic sites. The MODELLER tool45 generated five models, with the best model demonstrating exceptional structural 
integrity. More than 99.5% of the residues in the best model were found within the allowed regions according to the 
Ramachandran plot (Figure 3a), indicating high-quality modeling. Additionally, the ProSA energy score of −10 
(Figure 3b) further supports the reliability of the model, suggesting that it is energetically stable and suitable for 
structural analysis without the need for further energy minimization.46

Enzymes being attached to solid supports, like magnetic nanoparticles, have become a viable method to improve their 
stability, capacity to be used several times, and overall effectiveness in catalyzing reactions.47,48 In this study, the subtilisin 
Carlsberg enzyme was immobilized onto glutaraldehyde-linked chitosan-coated magnetic nanoparticles (Mag-CTS-GA- 
NPs). The immobilization of subtilisin Carlsberg on magnetic nanoparticles using glutaraldehyde-linked chitosan offers 
several advantages in terms of stability and reusability as compared to other alternative immobilization strategies such as 
physical adsorption, entrapment in polymer matrices, and covalent bonding to non-magnetic carriers.49 Physical adsorption 
methods, while cost-effective and simple, often result in weak enzyme–support interactions, leading to poor stability during 
repetitive use or under extreme conditions.50 Entrapment in polymer matrices can provide protection to enzymes but may 
restrict substrate access, resulting in lower catalytic efficiency.29 For instance, prior studies on subtilisin immobilization via 
alginate entrapment demonstrated reduced V max values compared to the free enzyme, likely due to diffusional 
limitations.51 Covalent bonding to non-magnetic carriers, such as silica or polystyrene beads, provides stability but lacks 
the ease of separation offered by magnetic carriers, which is a distinct advantage in industrial processes.52 The use of 
magnetic nanoparticles, which allow efficient separation of the immobilized enzyme from reaction mixtures through 
magnetic fields, a feature readily adaptable to large-scale processes. Magnetic separation reduces the need for high-speed 
centrifugation or filtration, thereby lowering operational costs and energy requirements in scaled-up systems.53

Before immobilization a prediction for amino acid residue on the outer part of enzyme molecule was needed that 
could potentially take part in binding with the carbonyl group of glutaraldehyde. Therefore, based on the sequence 
obtained for subtilisin Carlsberg from Bacillus haynesii, a model was developed using a Modeler tool (151). It was 
considered that lysine residues are more suitable than serine residues for immobilization of the protease for the reasons: 
a) unlike serine, lysine is not a catalytic residue of the protease, and any cross-linking reaction that involves lysine is, 
therefore, unlikely to negatively influence the catalytic activity of the enzyme, and b) there are six lysine residues located 
on the surface of the enzyme that could be targeted for immobilization of the protease on nanoparticles. The character-
ization of the support material and the enzyme-immobilized nanoparticles through various techniques, including FTIR 
spectroscopy, XRD analysis, DLS, and TGA, provides valuable insights into the structural and functional properties of 
the immobilized enzyme system.54–56 The FTIR analysis confirmed the successful immobilization of the subtilisin 
Carlsberg enzyme onto the Mag-CTS-GA-NPs, as evidenced by the detectable shifts in the characteristic peaks. FTIR 
is an analytical technique used for detection of functional groups and characterization of covalent bonding information. 
The spectral changes (shown in Figure 2) suggest strong evidence for the successful binding of subtilisin Carlsberg on to 
the (Mag-CTS-GA-NPs), indicating a potential approach for recovery and reusability of the enzyme.57 XRD patterns 
indicated the presence of Fe3O4 nanoparticles in both the free and immobilized samples, while DLS revealed an increase 
in the average particle size upon enzyme immobilization, suggesting possible aggregation of the enzyme-immobilized 
particles. The XRD observation indicated that the resulting particles were pure Fe3O4 with a spinel structure. For enzyme 
immobilized magnetic nanoparticles (Mag-CTS-GA-Enz), the EDX analysis indicated an increase in the intensity of the 
peaks that were corresponding to carbon (C) and nitrogen (N) and was markedly higher compared to the (Mag-CTS-GA- 
NPs). The increase in the elemental composition of carbon (C) and nitrogen (N) in the enzyme immobilized nanoparticles 
clearly signifies the presence and inclusion of these elements within the sample, indicating a successful immobilization of 
the enzyme. The results found were in accordance with the study conducted for immobilization of HRP on magnetic 
nanoparticles using chitosan and glutaraldehyde as coating and cross-linking agents. Furthermore, the binding process 
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did not induce any major phase change in Fe3O4 particles.58 The TGA analysis indicates a higher weight loss 
(approximately 30%) for enzyme immobilized nanoparticles compared to free nanoparticle (approximately 7%), con-
firming that enzyme immobilized nanoparticles exhibit a higher weight loss at elevated temperatures.59

The kinetic parameters, such as the Michaelis–Menten constant (Km) and maximum velocity (Vmax), provide valuable 
information about the catalytic efficiency and substrate affinity of enzymes.60 The increase in Km value upon immobi-
lization suggests a reduced affinity of the immobilized enzyme for the substrate, which could be attributed to the 
diffusional limitations and steric hindrance imposed by the immobilization matrix.61 A similar increase in kinetic 
efficiency was reported for amylase immobilized on Fe₃O₄ nanoparticles, which exhibited a two-fold improvement in 
Vmax.62 However, the observed increase in Vmax indicates an enhancement in the catalytic efficiency of the immobilized 
enzyme, possibly due to increased enzyme stability and an altered microenvironment.63 The immobilization yield, 
efficiency, and activity recovery are important parameters that assess the success of the immobilization process.64 In 
this study, the immobilization yield of 61%, efficiency of 84%, and activity recovery of 50% demonstrate the effective-
ness of the immobilization strategy in retaining a significant portion of the enzyme activity while providing the benefits 
of immobilization. In contrast, immobilized catalase on magnetic silica nanoparticles reported higher efficiency and 
activity recovery than subtilisin.65 The slightly lower recovery for subtilisin could be due to the steric hindrance 
introduced by its larger molecular structure or the specific surface chemistry of the magnetic nanoparticles.66

The stability studies of the immobilized and free enzyme under varying temperature and pH conditions confirmed the 
enhanced stability of the immobilized enzyme compared to its free counterpart. The immobilization of enzyme yield in 
higher activity retention across different conditions such 75% at 70°C and at a broader range pf pH ie from 7 to 11. These 
results are consistent with previous data, that immobilization of enzymes help in improving stability under harsh 
conditions.67 Similar trends have been reported for glucose oxidase immobilized on magnetic nanoparticles, where 
a 60% activity retention was observed at 60 °C.68 This suggests that the chitosan-glutaraldehyde linkage effectively 
enhances thermal resilience, making subtilisin comparable or superior to other enzymes immobilized on magnetic 
supports. The enhancement in thermal stability is attributed to attachment of support material which help in stabilizing 
the enzymes tertiary structure.69 The greater stability and reusability of enzymes are crucial in determining their 
industrial applicability and economic viability.48 The immobilized of subtilisin Carlsberg enzyme resulted in improved 
storage stability which help in retaining approximately 53% of its activity after 30 days of storage at 4°C, In contrast the 
activity of free enzymes was dropped to 50%. This indicates significant improvement compared to the free enzyme, 
further strategies could be employed to enhance long-term stability. One potential approach is the incorporation of 
additional protective coatings or stabilizers, which have been shown to mitigate enzyme denaturation and leaching in 
immobilized systems.54 The application of secondary polymer coatings such as polyethylene glycol (PEG) or silica could 
create a more robust protective layer around the enzyme, shielding it from environmental factors such as oxidation or 
hydrolysis.70 PEGylation, in particular, is known to improve both thermal and storage stability by reducing enzyme 
flexibility and preventing aggregation. Alternatively, silica encapsulation could provide a rigid, biocompatible frame-
work, further preserving the enzyme’s active conformation.71 The reusability studies revealed that the immobilized 
enzyme retained 70% of its activity after 10 cycles of use. In comparison, immobilized lipase on Fe₃O₄ nanoparticles 
functionalized with polyethyleneimine, reported activity retention of up to 85% after 8 cycles.72 These findings highlight 
the potential of immobilization in extending the shelf life and operational stability of enzymes, thereby reducing the cost 
associated with enzyme replacement and process downtime.73,74 The enhanced stability, reusability, and catalytic 
efficiency of subtilisin Carlsberg immobilized on magnetic nanoparticles make it a promising candidate for integration 
into various industrial applications. The increased thermostability, as demonstrated by 75% activity retention at 70 °C 
compared to 50% for the free enzyme, aligns well with the diverse temperature requirements of industries such as 
detergent manufacturing, textile processing, and food production, where enzymes often operate under elevated 
temperatures.75 However, to translate these findings into industrial applications, it is essential to evaluate the scalability 
of the immobilization process. The synthesis of magnetic nanoparticles is a critical step that needs optimization for large- 
scale production.76 Methods such as co-precipitation, currently used in this study, are scalable but require modifications 
to ensure uniform particle size and functionalization.77 Continuous-flow reactors or spray drying techniques could be 
employed to produce nanoparticles in bulk with consistent quality and cost efficiency. The glutaraldehyde-based surface 
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functionalization used in this study can be scaled by employing automated or semi-automated systems to coat 
nanoparticles with chitosan and crosslink the enzyme.78 To minimize enzyme usage and maximize efficiency during 
scale-up, strategies such as optimizing enzyme-to-nanoparticle ratios and employing high-throughput immobilization 
setups could be adopted. A major factor in scaling up any process is cost-efficiency.79 While magnetic nanoparticles 
provide significant advantages, their synthesis and functionalization can be cost-intensive. Utilizing cost-effective 
precursors for nanoparticle synthesis (eg, biosynthesis using plant or microbial extracts) and alternative cross-linking 
agents could reduce production costs without compromising performance.80 In large-scale processes, magnetic nano-
particles must be separated efficiently from reaction mixtures. Industrial-scale magnetic separators, such as drum 
separators or magnetic filtration systems, can be integrated into production lines.81 Furthermore, reactor designs must 
ensure uniform mixing and mass transfer to optimize immobilized enzyme performance.82 Scaling up immobilization 
processes presents challenges, including maintaining enzyme activity during scale-up and ensuring reproducibility across 
batches. Addressing these issues requires collaboration between researchers and industry stakeholders to design pro-
cesses that are not only efficient but also economically and environmentally sustainable.83

The method utilized in this study, involving glutaraldehyde-linked chitosan-coated magnetic nanoparticles, balances 
efficiency with environmental considerations. Chitosan, a biodegradable and renewable biopolymer derived from chitin, 
serves as a sustainable coating material, reducing the reliance on non-renewable chemical supports. Its biodegradability 
minimizes long-term environmental burdens associated with disposal.84 The immobilization process targets lysine 
residues on the enzyme surface due to their accessibility and non-involvement in catalytic activity. However, this 
specificity may limit the broader applicability of the method for enzymes with fewer surface lysine residues or for 
enzymes where lysine residues are critical to structural integrity. Although the immobilization yield (61%) and efficiency 
(84%) reported in this study are favorable, they are not optimal. Loss of activity during the immobilization process, 
reflected in the activity recovery of 51%, suggests that further optimization is required to reduce activity loss and enhance 
the functional utility of the immobilized enzyme. The present study demonstrated enhanced stability, activity, and 
reusability of subtilisin Carlsberg, there remains scope for improving the method’s efficiency and cost-effectiveness. 
Several strategies could be explored in future studies to optimize the immobilization process: The use of glutaraldehyde 
as a cross-linking agent, while effective, may not be the most economical or environmentally friendly option. 
Investigating alternative cross-linkers, such as genipin or carbodiimides, could offer reduced costs and lower environ-
mental impact while maintaining or enhancing immobilization efficiency. Key parameters such as pH, temperature, 
enzyme concentration, and nanoparticle surface functionalization could be systematically optimized to maximize 
immobilization yield and activity recovery. Response surface methodology (RSM) or design of experiments (DoE) 
could be employed to identify the optimal conditions. The use of alternative nanoparticle coatings, such as silica or 
polyethylene glycol (PEG), might enhance enzyme-nanoparticle interactions and improve immobilization efficiency. 
These modifications could also increase enzyme stability and reduce aggregation during the immobilization process. 
Developing methods to regenerate and reuse nanoparticles after enzyme deactivation could significantly lower costs. 
Exploring mild regeneration conditions to strip deactivated enzymes while preserving nanoparticle integrity would be 
a valuable area for further research.

Conclusion
The present study highlights the potential of enzyme immobilization in enhancing stability and reusability of subtilisin 
Carlsberg. Halophilic bacterial strain Bacillus haynesii was successfully isolated and characterized from local salt 
mines, and the gene encoding subtilisin Carlsberg was successfully cloned and expressed in E. coli. Subtilisin 
Carlsberg enzyme was immobilized on glutaraldehyde-linked chitosan-coated magnetic nanoparticles which resulted 
in enhanced thermal stability, broader pH tolerance, improved storage stability and reusability compared to the free 
enzyme. The functional and structural properties of free and immobilized enzymes were determined using different 
techniques, such as FTIR, XRD, TGA and DLS. The enhancement in kinetic parameter, immobilization yield, storage 
efficiency and activity recovery confirm the effectiveness of enzyme immobilization. These findings highlight the 
potential of immobilized enzymes in industrial applications, offering improved stability, reusability, and catalytic 
performance.
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