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ARTICLE INFO ABSTRACT

Keywords: Pectinolytic enzymes are among the important group of industrial enzymes that have wide ap-
Co-precipitation plications in different food industries. In this study, pectinase-based silica nanocarriers were
Crosslinking

synthesized using co-precipitation and cross-linking techniques. The resulting silica nanoparticles

Pectinase . . . . . . . .
Silica nanocarriers were investigated using scanning electron microscopy (SEM), energy-dispersive electron micro-
Immobilization scopy (EDEX), and X-ray diffraction (XRD) for determination of its morphology, elemental

Industrial capabilities composition, and crystalline pattern. Under the optimal immobilization conditions like 1.5 %
Biotechnological applications glutaraldehyde, 3000 IU/mg pectinase concentration, 90 min immobilization time and 40 °C
immobilization temperature, pectinase showed maximum immobilization yield. The immobili-
zation of pectinase onto the silica nanocarriers led to enhanced catalytic characteristics, dis-
playing higher enzymatic activity across various temperature and pH levels compared to soluble
pectinase. Moreover, the immobilization substantially improved the temperature stability of
pectinase, exhibiting 100 % of its initial activity even after 120 h of pre-incubation at 50 °C.
Additionally, the silica nanocarrier pectinase retained 100 % of its original activity even after
being reused 10 times in a single batch of reactions. These findings indicate that the immobili-
zation of silica nanocarriers effectively enhances pectinase’s industrial capabilities, making it
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economically feasible for industrial use and an efficient system for various biotechnological
applications.

1. Introduction

Enzymes have found widespread application as biocatalysts in various industrial processes, such as food production, textiles,
papermaking, wastewater treatment, and pharmaceuticals, due to their advantageous attributes like high substrate selectivity, cata-
lytic efficiency, mild reaction conditions, and environmental friendliness [1]. Among these enzymes, pectinolytic enzymes are a group
of enzymes responsible for hydrolysis of pectinolytic substances. Pectinolytic enzymes have utilization in diverse industrial applica-
tions, including extraction of fruit juices, bioscouring of cotton fibers, coffee and tea fermentation and many more [2,3]. However, the
unfavourable conditions prevalent in industrial processes can adversely affect the catalytic properties of enzymes, limiting their
effectiveness in industrial preparations.

To address this challenge, immobilization and protein engineering techniques have been explored to enhance the operational
stability of enzymes under harsh industrial conditions. Immobilization not only improves the stability of enzymes but also allows for
their reuse in continuous industrial processes, making them cost-effective for commercial use [4,5]. Various methods have been
developed for enzyme immobilization, with enzyme crosslinking onto solid supports being considered particularly effective, as it
enhances the catalytic activities and reusability of the enzymes. This involves the reaction of the free amine groups of enzyme protein
chains with the aldehyde group of glutaraldehyde, forming Schiff bases that link the enzymes to solid supports [6-9].

Several support materials, such as calcium alginate, agar-agar, polyacrylamide, diethylaminoethyl (DEAE) cellulose and silica have
been investigated for enzyme immobilization. Among these, nanocarriers have emerged as highly suitable support materials because of
their unique properties, including large surface area, shape retention, availability in different sizes and arrangements, and the ability to
withstand harsh chemical modifications while maintaining their surface characteristics [10-15].

In this study, functionally activated SiO, nanoparticles were synthesized for the immobilization of pectinase, aiming to achieve
enhanced stability and reusability. Silica-based nanoparticles exhibit environmental benignness, high biocompatibility, and resistance
to organic solvents and microbial attacks, making them ideal candidates for enzyme immobilization [16-18]. Silica nanoparticles
improve the activity and durability of enzymes by providing precise spatiotemporal control as well as by maintaining systemic bio-
distributions for boosting the catalytic outcome. Therefore, the main objectives of this research are to optimize the immobilization
process parameters and kinetic parameters of both free and immobilized enzymes, as well as to evaluate the multiple reuse of the
immobilized pectinase for continuous product formation. These investigations provide valuable insights into enhancing the industrial
applicability of pectinase and contribute to the development of efficient and stable biocatalysts for continuous industrial use. More-
over, the findings will be used to overcome the issues of soluble enzymes.

2. Material and methods
2.1. Production of pectinase

Pectinase was produced through submerged fermentation using a bacterial strain (Bacillus subtilis) as reported previously [8]. To
partially purify the pectinase from the culture medium, centrifugation (10,000 g for 15 min at 4 °C) and ammonium sulfate precip-
itation with 50 % saturation were employed. The resulting precipitates were redissolved in glycine-NaOH buffer and subsequently
dialyzed for 03 h against the aforesaid buffer. These dialyzed precipitates were then used for the immobilization of enzyme and kinetic
experiments [8].

2.2. Synthesis of silica nanoparticles

Silica nanoparticles were synthesized using the sol-gel method with some modifications [10,19]. In this process, 5 ml of tetrae-
thylorthosilicate (99.5 %) was mixed deionized water (10 ml) and 99.9 % ethanol (20 ml). The mixture was then sonicated for 15 min.
Additionally, 2 g of CTAB (cetyltrimethylammonium bromide) surfactant was added to the mixture. After 15 min, a dropwise addition
of 30 % ammonia solution resulted in the formation of a white-turbid solution, indicating hydrolysis and condensation. The reaction
mixture was sonicated for 1 h, and the resulting powder was dried overnight at 100 °C. The dried product was then calcined at 650 °C
for 1 h and was placed in a vacuum desiccator for further analysis.

2.3. Scanning electron microscopy (SEM) and energy dispersive electron microscopy (EDX)
The surface morphology and size of the silica nanoparticles were examined using a JSM Jeol 6380A scanning electron microscope

(City, Japan). The elemental composition of the silica nanoparticles was determined using energy dispersive electron microscopy
(EDX) with the standard addition method, employing an accelerating voltage of 20 keV.
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2.4. X-ray diffraction analysis

X-ray diffraction analyses were performed to characterize the crystalline phase of the silica nanoparticles. A Bruker D8 Advance X-
Ray Diffractometer equipped with a CuK radiation source (k = 1.5405 A) was used for the analysis. The samples were analyzed at a rate
of 10° per minute, and the 2 theta range was set between 10° and 80°.

2.5. Immobilization of pectinase on silica nanoparticles

To immobilize pectinase on silica nanoparticles, a solution was prepared containing silica nanoparticles (0.1 gm) and 5 %
glutaraldehyde (10 ml). This solution was kept at room temperature for 03 h. To remove unbound glutaraldehyde the nanoparticles
were washed 03 times with 50 mM sodium phosphate buffer of pH 7.5. Subsequently, the prepared nanoparticles were then mixed with
pectinase (1 ml) at room temperature for around 03 h.

The immobilization yield of pectinase immobilized silica nanoparticles was calculated at using the formula mentioned in equation
1):

Immobilization Yield — Total activity of immobilized enzyme

100 Equation 1
Total activity of soluble enzyme X (Eq )

2.6. Pectinase assay

Pectinase activity was determined by measuring the amount of reducing sugar using the DNS (3,5-dinitrosalicylic acid) method
with citrus pectin as the substrate [8,20]. One unit (IU) of enzyme activity was defined as the amount of pectinase required to produce
1 pmol of product (galacturonic acid) under optimum reaction conditions (pH 10 at 45 °C for 15 min). Pectinase assay was carried out
in triplicate in order to calculate mean and standard deviation.

2.7. Influence of immobilization conditions

2.7.1. Influence of glutaraldehyde as crosslinking agent
Different concentrations of glutaraldehyde (0.5 %-5.0 %) were investigated by treating the silica nanoparticles with pectinase in
order to determine the optimum concentration while all other parameters were kept constant.

2.7.2. Influence of pectinase concentration, crosslinking time, and temperature

The influence of pectinase concentration on the immobilization of silica nanoparticles was determined by varying the units of
pectinase from 500 to 5000 IU/mg during the immobilization procedure. The effect of cross-linking time and temperature was also
determined by incubating pectinase with silica nanoparticles for different time intervals (15-120 min) and at various temperatures
(5 °C-40 °Q).

2.8. Analysis of catalytic properties of pectinase-immobilized silica nanocarriers
The catalytic properties of pectinase immobilized on silica nanocarriers were analyzed and compared with soluble pectinase.

2.8.1. Reaction time and temperature

The influence of reaction time on the catalytic activity of pectinase immobilized on silica nanocarriers was investigated by eval-
uating the enzyme assay for various time periods (ranging from 5 to 60 min) while keeping the other parameters constant, and the
results were compared with soluble enzyme activity. The effect of reaction temperature on the enzymatic activity of pectinase
immobilized on silica nanoparticles was analyzed by measuring the enzyme assay at different reaction temperatures (ranging from 20
to 50 °C) while keeping the other parameters constant.

2.8.2. Reaction pH, thermal stability, and kinetic parameters

The influence of reaction pH on the activity of pectinase immobilized on silica nanoparticles was evaluated by determining the
enzyme activity at pH 5 to 10 while keeping the other parameters constant and comparing it with the soluble enzyme. The effect of
different temperatures on the stability of pectinase immobilized on silica nanoparticles was investigated by pre-incubating the en-
zymes at various temperatures (ranging from 25 °C to 60 °C) for different time periods. The enzyme activity was measured at regular
intervals of 24 h. The kinetic parameters (Km and Vmax) of pectinase immobilized on silica nanocarriers were determined by
measuring the enzyme assay using different substrate concentrations. The values of Km and Vmax were determined by Lineweaver
Burk plot [21].

2.9. Reusability

To evaluate the reusability of the immobilized enzymes, pectinase immobilized on silica nanocarriers was employed in ten
consecutive batches of reactions. The immobilized pectinase was washed with deionized water before starting each new reaction cycle.
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3. Results and discussion

The foremost significance of enzyme immobilization is to enhance the kinetic properties of that enzyme along with increase in its
stability and reusability. This study was also designed with the aim to achieve aforementioned purposes. Hence, pectinase was
immobilized using silica nanoparticles to improve the commercial applications of this enzyme.

3.1. Characterization of SiO2 nanoparticles

Silica has been the most explored material in research world, due to its versatile properties. Nanosized silica has some unique
characteristics as compared to micro size due its enhanced surface area. Synthesized silica nanoparticles were characterized by
scanning electron microscopy to access the particle size and morphology of the nanoparticles. Analysis was carried out KV and X10000
zoom level. SEM image of synthesize silica nanoparticles is given in Fig. 1A. It is quite obvious from the figure that the particles are
spherical in size and show symmetrical geometry. Particle size is estimated to be around 80-200 nm. Particles seems to be agglom-
erated, it is due to the presence of surface hydroxyl groups which contribute to interparticle hydrogen bonding which can be reduced
by proper dispersion in ethanol. The elemental composition analysis (Fig. 1B) showed that the sample consisted primarily of silicon
(52.92 %) and oxygen (43.99 %), confirming the formation of silica particles. The X-ray diffraction (XRD) analysis (Fig. 1C) indicated
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Fig. 1. Characterization of silica nanoparticles. A) Scanning electron microscopy B) Energy dispersive X-ray spectroscopy. C) X-ray Diffractometer.
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that the silica nanoparticles were amorphous, as evidenced by the absence of distinct diffraction peaks, except for a broad band
centered around 22°, characteristic of amorphous silica [22].

3.2. Effect of glutaraldehydre concentration

The concentration of glutaraldehyde was optimized for maximum crosslinking of pectinase to SiO2 nanoparticles. The results
indicated that 2.5 % glutaraldehyde concentration achieved the highest crosslinking and immobilization yield of pectinase onto SiO2
nanoparticles (Fig. 2A). Lower glutaraldehyde concentrations were insufficient for maximum crosslinking, while higher concentra-
tions had the potential to affect the enzyme’s structure and enzymatic activity. Excessive crosslinking agent could also block the
enzyme’s active site and hinder the formation of enzyme-substrate complexes. So the concentration of glutaraldehyde plays an
important role in the immobilization of pectinase.

3.3. Influence of pectinase concentration

The effect of pectinase concentration on the immobilization efficiency and enzymatic activity was evaluated by incubating different
concentrations of partially purified pectinase (ranging from 500 to 5000 IU/mg) for 3 h. The results showed that the immobilization
yield of the silica nanocatalyst increased with increasing pectinase concentration, reaching maximum yield at 3000 IU/mg pectinase
(Fig. 2B). However, further increases in pectinase concentration did not significantly affect the catalytic activity of the silica nano-
catalyst, indicating saturation of the pectinase-nanoparticle system at 3000 IU/mg.

3.4. Influence of enzyme-nanoparticles incubation time on pectinase immobilization

The influence of incubation time on pectinase immobilization onto silica nanoparticles was investigated by varying the incubation
period from 30 to 180 min using a fixed pectinase concentration of 3000 IU/mg. The results demonstrated that the immobilization
yield of pectinase increased with longer incubation times, reaching maximum yield after 90 min (Fig. 2C). However, extending the
incubation period beyond 90 min did not significantly affect the immobilization yield or the catalytic activity of the nanocatalyst. Less
than 90 min of incubation time was insufficient for effective crosslinking between the enzyme units and silica nanoparticles, whereas
90 min provided adequate time for maximum enzyme binding.

3.5. Influence of incubation temperature on pectinase immobilization onto silica nanoparticles
The influence of incubation temperature on pectinase immobilization onto silica nanoparticles was investigated by incubating the

enzyme solution with the nanoparticles at different temperatures. The results showed that increasing the incubation temperature
enhanced the crosslinking of pectinase with nanoparticles, with maximum enzyme crosslinking observed at 40 °C, as evidenced by the
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pectinase concentration C) Effect of cross-linking time D) Effect of cross-linking temperature.



T. Behram et al. Heliyon 10 (2024) e23549
highest catalytic activity of the pectinase nanocarrier (Fig. 2D). However, beyond 40 °C, further increases in the incubation tem-
perature led to a decrease in catalytic activity. This decrease may be attributed to conformational changes in the enzyme at higher
temperatures, which affect the crosslinking efficiency. Similar observations have been reported for the immobilization of pectinase
using glutaraldehyde as a crosslinking agent with other support materials.

3.6. Catalytic properties of pectinase-based silica nanocarriers

The catalytic properties of pectinase immobilized on silica nanocarriers were compared to those of soluble pectinase.

3.6.1. Effect of reaction time

The effect of reaction time on the catalytic activity of immobilized pectinase was evaluated by comparing the enzymatic assay of the
immobilized enzyme at different time periods with the free enzyme. Both immobilized and free pectinase showed maximum enzymatic
activities after 10 min of reaction time. The immobilization of pectinase onto silica nanocarriers did not affect the reaction time for

pectin degradation, indicating that the crosslinking of pectinase with nanoparticles did not induce significant structural changes that
would alter the enzyme’s reaction time (Fig. 3A).

3.6.2. Effect of reaction temperature

The effect of reaction temperature on the catalytic performance of pectinase-based silica nanocarriers was assessed by measuring
the enzyme assay at different temperatures and comparing it with free pectinase. The results demonstrated that the crosslinking of
pectinase with silica nanoparticles did not affect the catalytic performance of the enzyme. Both immobilized and free pectinases
exhibited maximum activity at 40 °C (Fig. 3B). However, the immobilized pectinase showed higher relative activity at various tem-
peratures compared to the free enzyme. Even at 60 °C, the immobilized pectinase retained more than 80 % relative activity, while the
free pectinase lost its complete activity. This increased relative activity of the immobilized pectinase at different temperatures can be
attributed to improved conformational rigidity of the non-active site of the enzyme after binding with glutaraldehyde.

3.6.3. Effect of reaction pH

The effect of pH was determined by measuring the enzyme activity at different pH levels and comparing it with the free enzyme.
Both immobilized and free pectinases exhibited maximum relative activity at pH 7.0. However, the immobilized pectinase showed
higher relative activity (60 %) across a range of pH values as compared to the free enzyme, which exhibit no product formation at pH
9.5 (Fig. 3C). These results suggest that the crosslinking of pectinase onto silica nanocarriers using glutaraldehyde induced positive

conformational changes and improved the enzyme’s resistance to variations in ionic strength. Similar results were previously reported
by Nauri and Khodaiyan [12,13].
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After enzyme immobilization there is generally a shift of characterization conditions though in this study the optimum conditions
of bothy free and immobilized enzymes are same. However the stability beyond optimum conditions were observed in case of
immobilized enzyme which showed its better performance as compared to free enzyme.

3.6.4. Thermal stability of silica nanoparticles-immobilized pectinase

The thermal stability of silica nanoparticle-immobilized pectinase was evaluated by subjecting the enzymes to different temper-
atures and comparing their stability to free pectinase. The results showed that the immobilized pectinase exhibited enhanced stability
at elevated temperatures compared to the free enzyme (Fig. 4). After 120 h of preincubation at 60 °C, the immobilized pectinase
retained more than 70 % of its initial activity, while the free pectinase lost its complete activity after only 24 h of preincubation at the
same temperature. The improved thermal stability of the immobilized pectinase can be attributed to the structural support provided by
the silica nanoparticles, which helps the enzyme withstand thermal denaturation at higher temperatures. Similar results were pre-

viously reported for pectinase immobilization on chitosan nanoparticles and laccase immobilization on silica nanoparticles [10,
23-26].

3.6.5. Kinetic parameters

The kinetic parameters, Km and Vmazx, of pectinase immobilized on silica nanocarriers were determined and compared to those of
the soluble enzyme. The results showed that the immobilization of pectinase did not significantly alter the affinity of the enzyme for the
substrate, as evidenced by similar Km and Vmax values between the immobilized and soluble enzymes (Table 1). This indicates that the
conformational structure of the enzyme’s active site remained intact after immobilization, allowing for efficient substrate binding.

Previous studies also showed that immobilization of laccase on silica nanoparticles does not significantly affect enzyme substrate
binding efficiency [10,23,24].

3.7. Reusability

The reusability of the silica nanoparticle-immobilized pectinase was evaluated by consecutively reusing the immobilized enzyme in
ten reaction cycles. The results demonstrated that the immobilized pectinase retained nearly 100 % of its initial activity after ten cycles
of reuse (Fig. 5). This indicates that the crosslinking of enzymes with silica nanoparticles using glutaraldehyde facilitated their
reusability in continuous industrial applications. The improved operational stability and reusability can be attributed to the strong and
stable crosslinking between the enzyme and the support material. Previously pectinase immobilized on chitosan nanoparticles lost
their 20 % enzyme activity even after 4 cycles [26]. Thus this study design showed that pectinase immobilized silica nanoparticles can
be economically and effectively used for various industrial processes.
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Table 1
Kinetic parameters of silica nanoparticles immobilized pectinase with the comparison of soluble pectinase.
Enzyme K, Value (mg ml™?) Vpnax Value (pM min ™)
Free Pectinase 1.017 23,800
Silica Nanoparticles Immobilized Pectinase 1.019 23,500
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Fig. 5. Reusability analysis of silica nanoparticles immobilized pectinase.
4. Conclusion

In this study, pectinase was successfully produced from Bacillus subtilis and immobilized on silica nanoparticles, aiming to enhance
its industrial applicability and stability. The silica nanoparticles immobilized pectinase exhibited more relative activity under wide
range of conditions, showcasing its enhanced versatility. Furthermore, the thermal stability of the pectinase was also significantly
improved after immobilizing enzyme with this method. Additionally, the silica nanocarrier-immobilized pectinase demonstrated
remarkable reusability which increases product formation and decreases time and efforts. This approach holds great potential for
various industrial applications, offering an economically viable and efficient system for biotechnological processes.
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