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Abstract: The formation of cross-linked enzyme aggregates (CLEAs) using macromolecular cross-
linkers improves substrate accessibility and enhances enzyme retention. However, there have been
few studies exploring the use of macromolecular cross-linkers due to the challenges related to cross-
linker screening. In compliance with our previous computational and experimental screening, dextran
is the optimal macromolecular cross-linker to develop CLEAs of endolevanase from Bacillus lehensis
G1 (rlevblg1-dex-CLEA) for levan-type-fructooligosaccharides (L-FOS) production. In this study,
rlevblg1-dex-CLEAs was optimized, and the activity recovery continued to increase and reached
90.5%. Subsequently, the rlevblg1-dex-CLEAs were characterized and they displayed higher thermal
stability after 1 h of incubation in comparison to the free enzyme. Moreover, the rlevblg1-dex-CLEAs
were reusable for five cycles and exhibited greater storage stability over 180 days at 4 ◦C (60.9%) than
that of free rlevblg1. In addition, the rlevblg1-dex-CLEAs demonstrated similar catalytic efficiency as
the free enzyme and generated a substantial amount of L-FOS with a longer degree of polymerization,
which is more beneficial for industrial use.

Keywords: enzymes immobilization; dextran; levanase; fructooligosaccharides

1. Introduction

Fructooligosaccharides (FOSs) have been widely recognized as functional oligosaccha-
rides due to their prebiotic role [1]. FOSs provide moderate sweetness, reduce constipation,
are of low carcinogenicity and promote control of body weight due to their low level of
calories [2,3]. In addition, they improve the absorption of minerals and prohibit the growth
of harmful bacteria in the host intestines, thus positively influencing human health [4].

FOSs are fructose oligomers that are composed of one glucose unit followed by up to
60 fructose monomers, which are linked together by glycosidic bonds [5]. Upon the nature
of the glycosyl bonds (β (2–1) or β (2–6)) among the monomers, FOSs are categorized
to inulin-type FOSs or levan-type FOSs (L-FOSs), respectively [5,6]. Compared to the
inulin-type FOSs, L-FOSs enhance greater growth and activity in the beneficial microbes of
the host intestines [7,8]. Therefore, L-FOSs have attracted a high interest as food ingredients
that can improve the quality of food and human health.

Endolevanase from Bacillus lehensis G1 (rlevblg1) is a biocatalyst that exhibits high
specific activity towards levan for the synthesis of L-FOS with various degrees of polymer-
ization (from 2 to 10) [9]. However, free enzymes demonstrate poor stability and a lack of
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reusability under the harsh industrial conditions [10]. Fortunately, these two shortcomings
could be overcome via enzyme immobilization, which generates continuous economic
activities while providing straightforward isolation, stability, purity, high product recovery,
and excellent reusability [11].

Enzyme immobilization via carrier-free, cross-linked enzyme aggregates (CLEAs)
has become a prevalent strategy for enzyme stabilization. CLEAs technology develops
biocatalysts that exhibit high activity and are robust, reusable as well as operationally
stable [12,13]. In CLEA formation, partially purified enzymes are used to generate effective
biocatalysts at a relatively low operation cost without the need for supporting materials [14].
In addition, this simple approach allows for combining the aggregation and cross-linking
of the enzyme in a single step [15]. The cross-linking method is performed by physically
aggregating the partially purified enzyme with a precipitant, followed by cross-linking the
aggregated enzyme with a bifunctional reagent [16].

Glutaraldehyde (GA) has been employed to cross-link several enzymes due to its
low cost, availability in commercial quantities, and ability to form covalent bonds with
the enzyme [17]. However, GA cannot be utilized to cross-link all enzymes, especially
enzymes with low external lysine residues [17,18]. The lower content of amino groups on
the enzyme surface would decrease the number of the covalent interactions, thus affecting
cross-linking efficiency and activity recovery [19]. Moreover, the low molecular weight
of GA could lead to the penetration of the inner part of the enzyme and interaction with
catalytic amino acids causing enzyme inactivation [20]. Adjacent to all of these limitations,
the risk of GA leaching out from CLEAs into the reaction media constricts its utilization in
food and environmental applications, owing to its negative impact on human health [21].

Alternatively, biodegradable, eco-friendly, and polysaccharide-based cross-linkers
have been considered ideal linking agents that can be applied to substitute GA. The large
macromolecular size of the polysaccharides would facilitate the formation of flexible and
porous CLEAs, hence improving substrate accessibility and preventing enzyme deacti-
vation [22,23]. Furthermore, the long chain of the macromolecular cross-linkers would
increase the quantities of the formed linkages and decrease the chance of penetration of the
vital amino acids associated with the catalytic activity, thus enhancing the recovery activity
and efficiency of CLEAs [23–25]. Limited studies have exploited the use of macromolec-
ular cross-linkers and reported that chitosan to develop maltogenic amylase-CLEA [1],
pectin to develop glucoamylase-CLEAs [26], and polyaldehyde dextran to develop alco-
hol dehydrogenase-CLEAs [20] exhibited better activity compared to CLEAs prepared
with GA.

Interestingly, using various macromolecular cross-linkers to develop CLEAs of the
same enzyme results in different levels of activity recovery [22,24]. The nature and struc-
tural characteristics of the macromolecular cross-linkers form specific and different in-
termolecular interactions with the same enzyme, thus affecting the catalytic activity [22].
Therefore, in our previous work [27], homology modeling and molecular docking were
integrated with experimental screening to find a suitable macromolecular cross-linker
for rlevblg1. Among seven cross-linkers (cellulose, chitosan, dialdehyde-starch (DAS),
dextran, pectin, polyethylene glycol 8000 (PEG8000), and sodium alginate), in silico and
experimental results revealed that dextran offered the lowest binding energy and highest
activity recovery [27].

Herein, to the best of our knowledge, this is the first study that exploits the findings of
computational and experimental screening to develop CLEAs of rlevblg1 using dextran
(Scheme 1) for L-FOS production. The rlevblg1-dex-CLEAs were optimized by analyzing
several parameters, including concentration of the enzyme, concentration of cross-linking
agent, pH buffer, and cross-linking time. The thermal and pH stability, kinetic performance,
morphology, functional group analysis, and L-FOS production of CLEAs were characterized.
The generated rlevblg1-dex-CLEAs showed a substantially high catalytic activity with
improved operational stability and selectivity. The rlevblg1-dex-CLEAs hydrolyzed levan
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and produced a sufficient yield of longer L-FOS; hence, they are a promising biocatalyst for
industrial application.
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Scheme 1. Preparation process and formation principle of cross-linked endolevanase aggregates
(rlevblg1-dex-CLEAs) using macromolecule dextran as a cross-linker. The homologous 3D rlevblg1
structure and 2D schematic diagram interactions were obtained from [27], while the 2D and 3D
structures of dextran were obtained from the PubChem database.

2. Results and Discussion
2.1. Optimization and Development of rlevblg1-dex-CLEAs

As the suitability of dextran as a macromolecular cross-linker for rlevblg1 was previ-
ously proven in silico and experimentally, the influence of several parameters was further
optimized using the one factor at one time (OFAT) technique. The tested parameters
included rlevblg1 concentration, dextran concentration, pH, and cross-linking time.

Enzyme loading is a crucial parameter that significantly affects the development of
rlevblg1-dex-CLEAs. Therefore, the influence of enzyme concentration was investigated
using various concentrations of rlevblg1 (0.2, 0.4, 0.6, 0.8 and, 1.0 mg/mL). As displayed in
Figure 1A, the highest activity recovery of the rlevblg1-dex-CLEAs (36.8%) was obtained
when 0.6 (mg/mL) of the enzyme was applied. However, the activity recovery decreased
when a higher concentration of the enzyme was used. Higher enzyme loading could
increase the compactness of CLEAs, thus introducing substrate diffusion limitation that
causes a decrease in the recovered activity [28]. Moreover, applying less than 0.6 (mg/mL)
exhibited relatively low activity recovery, which could be due to the use of an insufficient
amount of the enzyme. Thus, the utilization of an exceeding or a reduced amount of
the enzyme would negatively affect the formation of CLEAs and decrease the activity
recovery [29,30].

Cross-linker (dextran) concentration is another important factor that impacted the
formation of efficient CLEAs. The recovered activity of the immobilized enzyme was
increasing gradually as the concentration of dextran used increased from 0.2% to 1.0%.
The highest activity (39.6%) was retained at 1% (v/v) of dextran, as shown in Figure 1B.
However, the activity recovery decreased beyond the optimal concentration down to 28.2%.
This reduction in the activity recovery at a high concentration of dextran could be due
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to the excessive cross-linking process, which caused diffusional limitation and a loss of
enzyme flexibility, leading to less substrate accessibility [31,32].
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Figure 1. Optimization in the development of rlevblg1-dex-CLEAs. The influence of (A) endolevanase
concentration, (B) dextran concentration, (C) pH, and (D) cross-linking time on the activity recovery of
rlevblg1-dex-CLEAs. The experiments were conducted in triplicate and error bars represent standard
deviations. Average values showing significant differences are marked with varying numbers of
asterisks (*) following the results of an ordinary one-way ANOVA Tukey’s multiple comparison
test with a 95% confidence interval: p < 0.05 (*) shows significance; p < 0.01 (**) indicates a more
significant difference; p < 0.001 (***) signifies high significance; p < 0.0001 (****) points to an extremely
significant difference; (ns) denotes a non-significant result.

In addition, the influence of pH value (6, 7, 8, 9, 10, and 11) on the formation of
the rlevblg1-dex-CLEAs was further determined (Figure 1C). The activity recovery of
immobilized rlevblg1 was shown to continuously increase as the pH level increased, hence
the obtained activity of the rlevblg1-dex-CLEAs was higher at the alkaline environment
compared to the acidic condition. The highest activity recovery of the rlevblg1-dex-CLEAs
was retained with the yield of 72.1% at pH 10. The high pH preference of the rlevblg1-
dex-CLEAs could be due to the coverage of the reactive groups and amino acids on the
protein structure by the abundant negatively charged hydroxyl group in dextran during
the cross-linking process. Thus, the enzyme surface was conferred with a negative charge
and protected from any disturbances on its structure under higher pH values [25,33].

The effect of cross-linking time on the rlevblg1-dex-CLEAs was also observed using
different durations ranging from 0.5 to 4 h, as demonstrated in Figure 1D. Remarkably, the
highest activity recovery of 90.5% was obtained after 2 h of cross-linking time. However, the
activity recovery drastically decreased when the cross-linking time was further elongated
to 3 and 4 h, with yields of 27.5% and 15.3%, respectively. This indicates that exceeding
2 h on rlevblg1-dex-CLEA formation could lead to excessive cross-linking, resulting in



Catalysts 2024, 14, 584 5 of 18

partial deactivation of the rlevblg1-dex-CLEAs and substrate diffusional limitations [31,34].
Therefore, the optimal cross-linking time was adjusted to 2 h, while 0.6 mg/mL of enzyme
was cross-linked with 1% dextran at pH 10 for the formation of efficient CLEAs. At
the optimized condition, the immobilized rlevbg1-dex-CLEAs maintained a comparable
specific activity (5.1 ± 0.15 U/mg) to that of the free enzyme (5.7 ± 0.59 U/mg) as well
as a high recovered catalytic activity of 90.5%, which is advantageous for industrial-scale
production [14].

The high activity recovery of the rlevblg1-dex-CLEAs after optimization was also
predicted via the low binding affinity of dextran toward rlevblg1. From the previous
study [27], we employed computational screening with different types of cross-linkers
against rlevblg1. The structure of rlevbg1 was homology modeled using Modeller 9.13
software, and a docking analysis was performed to study the interaction and binding
affinity of the different types of cross-linkers. Among the six other cross-linkers, dextran,
which is a macromolecule with abundant hydroxyl groups, was shown to interact with the
highest surface amino acid residues of rlevblg1. Additionally, the interaction of dextran dis-
played the farthest distance from the rlevbg1 catalytic site amino acid residues (Figure 2A),
which are vital for its enzymatic activity [27]. Aligned with the computational analysis
performed in our previous study, rlevblg1 cross-linked with dextran appeared to be stable,
flexible, and promoted high accessibility to the active site (Figure 2C), which increased the
enzymatic activity [22]. A study conducted by Jailani et al. [24] showed that among seven
cross-linkers tested for CGTase-CLEA development, chitosan appeared to show the highest
binding affinity in silico and corroborated the experimental result which supported our
results herein. On the other hand, Abd Rahman et al. [35] reported that the use of DAS to
cross-link rlevblg1 retained 67.6% activity recovery after optimization. The same study also
tested only one macromolecular cross-linker (DAS) while, according to our computational
analysis, DAS demonstrated possible penetration of the active site residues (Figure 2B) into
the rlevblg1 structure [27], which justifies the low activity recovery. Thus, the prediction
of the binding affinity and the cross-linking site through docking analysis show a crucial
impact on the catalytic activity of CLEAs, as validated in this study.
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Figure 2. Three-dimensional (3-D) structural diagram of rlevblg1 interacting with (A) dextran as
a cross-linker represented in red, (B) DAS as a cross-linker represented in red, and (C) levan as a
substrate represented in green. The active site of rlevblg1 is shown in yellow. The dextran, DAS, and
levan structures were obtained from PubChem database, while the binding site of the ligands into
rlevblg1 was simulated using Autodock Vina (1.5.6, 2014) software [27].

2.2. Characterizations of rlevblg1-dex-CLEAs
2.2.1. Optimum pH and pH Stability

From 6 to 11 on the pH scale, the influence of pH on the activity recovery of the free
and immobilized rlevblg1 was determined (Figure 3A). The optimum pH for both free
rlevblg1 and rlevblg1-dex-CLEAs was observed at pH 8, indicating that rlevblg1-dex-CLEA
formation had no significant effect on the optimal pH value of enzyme activity. The same
optimum pH for free enzyme and CLEAs has been previously reported; free halohydrin
dehalogenase (HHeC) and HheC-CLEAs had pH 8 [34], whereas free lipase and p-CLEAs
lipases had pH 7 as their optimum pH [36].
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Figure 3. (A) pH optimum of free rlevblg1 and rlevblg1-dex-CLEAs. The activity of free rlevblg1
and rlevblg1-dex-CLEAs at the optimum pH was defined as 100%. (B) pH stability of free rlevblg1
and rlevblg1-dex-CLEAs. The highest activity of free rlevblg1 and rlevblg1-dex-CLEAs was defined
as 100% of relative activity. All experiments were performed in triplicate; the error bars represent
standard deviations. Average values showing significant differences are marked with varying
numbers of asterisks (*) following the results of an ordinary one-way ANOVA Tukey’s multiple
comparison test with a 95% confidence interval, and the highest relative activity recovery was set as a
control: p < 0.05 (*) shows significance; p < 0.01 (**) indicates a more significant difference; p < 0.0001
(****) points to an extremely significant difference; (ns) denotes a non-significant result.
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Moreover, pH stability was evaluated using the same range of pH (6–11). As demon-
strated in Figure 3B, the maximum activity of the free enzyme and rlevblg1-dex-CLEAs
was detected at pH 8. Remarkably, the rlevblg1-dex-CLEAs were more stable at pH 9 and
10 compared to the free enzyme. The higher stability of the rlevblg1-dex-CLEAs in the
alkaline conditions is consistent with the pH of cross-linking, as shown in Figure 1C. The
cross-linking of rlevblg1 with dextran yielded increased activity recovery at higher pHs.
This is because the cross-linking process stabilizes the enzyme structure of rlevblg1 as a
result of efficient cross-linking, thus protecting the enzyme subunit from dissociation at
higher pHs [28]. However, at pH 11, the stability of the cross-linked enzyme was lower
than the free form. The exposure to the extreme alkaline environment caused the fracture
of the covalent bonds that connect rlevblg1 with dextran, resulting in the decrease in the
catalytic activity [37].

2.2.2. Optimum Temperature and Thermal Stability

The optimum temperature of free and immobilized rlevblg1 was determined by
measuring the activity recovery across particular temperatures 20, 30, 35, 40, 45, and 50 ◦C,
as shown in Figure 4A. The optimum temperature of free rlevblg1 was observed at 30 ◦C,
whereas for rlevblg1-dex-CLEAs this was observed at 35 ◦C. Furthermore, the rlevblg1-dex-
CLEAs retained a higher relative activity beyond their optimum temperature than the free
enzyme. At 50 ◦C, the rlevblg1-dex-CLEAs exhibited 1.5-fold higher activity than their free
form. The shift in the optimal temperature of the immobilized rlevblg1 might be caused
by the cross-linking formation, resulting in the decrease in the enzyme flexibility and an
increase in thermal tolerance [1,38].
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Figure 4. Optimum temperature of (A) free rlevblg1 and rlevblg1-dex-CLEAs; the optimum tempera-
ture was adjusted to 100%. Thermal stability of free rlevblg1 and rlevblg1-dex-CLEAs at (B) 25 ◦C,
(C) 30 ◦C and (D) 35 ◦C. The initial activity was adjusted to 100%. The experiments were conducted in
triplicate and error bars represent standard deviations. Average values showing significant differences
are marked with varying numbers of asterisks (*) following the results of an ordinary one-way ANOVA
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Tukey’s multiple comparison test with a 95% confidence interval. The highest relative activity
of optimum temperature and initial activity of thermal stability was set as a control: p < 0.05 (*)
shows significance; p < 0.01 (**) indicates a more significant difference; p < 0.001 (***) signifies
high significance; p < 0.0001 (****) points to an extremely significant difference; ‘ns’ denotes a non-
significant result.

Further, the thermal stability of free and immobilized rlevblg1 was investigated at
different temperatures (25, 30, and 35 ◦C) for 1 h of incubation with 10 min intervals, as
presented in Figure 4B–D. The residual activity of free rlevblg1 was shown to decline
at a faster rate than the rlevblg1-dex-CLEAs as the incubation period and temperature
increased. After 1 h of incubation, free rlevblg1 retained 86% of its initial activity at 25 ◦C
and continued to decrease until the residual activity reached 62.3% and 57.7% at 30 ◦C
and 35 ◦C, respectively. On the other hand, the rlevblg1-dex-CLEAs demonstrated higher
heat resistance and retained almost 100% of their initial activity at 25 ◦C and more than
80% at 30 ◦C and 35 ◦C after 1 h incubation. These results have confirmed that the formed
rlevblg1-dex-CLEAs had better thermal stability compared to free rlevblg1, which could be
attributed to the multiple and strong attachments between the enzyme and dextran, which
increased the rigidity and thermal resistance of the cross-linked rlevblg1 [39], allowing it to
withstand harsh industrial processes.

2.2.3. Kinetic Analysis

The kinetic parameters of free and immobilized rlevblg1 were determined by varying
the levan concentration at standard conditions and were calculated based on Lineweaver–
Burk plots. The maximum reaction rate (Vmax) of the rlevblg1-dex-CLEAs (8.38 mM·min−1)
was lower than that of the free enzyme (10.26 mM·min−1), as shown in Table 1. Even
though the rlevblg1-dex-CLEAs possessed a slightly lower Vmax compared to the free
enzyme due to its activity recovery (90.5%), the CLEAs showed higher substrate binding
(Km). The Km value of the rlevblg1-dex-CLEAs (13.79 mM) was lower than that of the
free rlevblg1 (14.80 mM). Since the interaction of the enzyme with the substrate was
particularly measured via the Km value [40], this result confirms the improvement in the
substrate affinity and internal mass transfer diffusion of the rlevblg1-dex-CLEAs. This is
possibly due to the enlargement in the rlevblg1 structure after cross-linking with dextran
(the macromolecular cross-linker), hence the accessibility and interaction of the substrate
with the immobilized enzyme were facilitated [26]. Therefore, the overall catalytic efficiency
of the rlevblg1-dex-CLEAs was about the same as the free enzyme.

Table 1. Kinetic parameters of free rlevblg1 and rlevblg1-dex-CLEAs.

Kinetic Parameter Vmax
(mM·min−1) Km (mM) kcat (s−1) Catalytic Efficiency

(kcat/Km) (mM−1 s−1)

Free rlevblg1 10.26 ± 0.1 14.80 ± 1.6 11.88 ± 0.1 0.81 ± 0.0
rlevblg1-dex-CLEAs 8.38± 0.9 13.79 ± 2.7 9.70 ± 1.0 0.71 ± 0.2

2.2.4. Effectiveness Factors of rlevblg1-dex-CLEAs

The effectiveness factor (η) was determined by varying levan concentrations ranging
from 1.0 to 25.0 mg/mL to investigate substrate diffusion limitations in the immobilized
enzyme reaction [41]. The effectiveness factor (η) of the rlevblg1-dex-CLEAs was calculated
relative to the free enzyme, whereby the η of the free enzyme was set as 1 at all the levan
concentrations tested. The effectiveness factor of free and rlevbg1-dex-CLEA is tabulated
in Table 2. The η of the free enzyme increased as the levan concentration increased from
1 mg/mL to 20 mg/mL. However, a decrease in η was shown by the free enzyme against
the highest levan concentration (25 mg/mL) tested due to saturation of the active site cleft
of the free levanase. A similar trend for rlevbg1-dex-CLEA was shown, where at increasing
levan concentrations the η was close to that of the free enzyme (η = 1). The stability in
the effectiveness factors of the rlevblg1-dex-CLEAs could be due to the increase in the
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flexibility and porosity that the large size of dextran provided to the immobilized enzyme
structure, hence facilitating substrate accessibility [22]. Moreover, based on the docking
analysis, dextran was attached to amino acids that were far from the active site [27], and its
penetration to the essential amino acid residues of rlevblg1 was prevented. Therefore, the
occurrence of substrate diffusional limitation was avoided, which thus confirmed that the
rlevblg1-dex-CLEAs maintained similar catalytic performance to the free enzyme (Table 1).

Table 2. Effectiveness factors (η) of free rlevblg1 and rlevblg1-dex-CLEAs at different levan concentrations.

Levan
mg/mL

Free rlevblg1 Velocity
(µmole/mg·min) η

rlevblg1-dex-CLEAs
Velocity (µmole/mg·min) η

1 0.48 ± 0.12 1.00 0.27 ± 0.03 0.56
2 1.42 ± 0.41 1.00 1.14 ± 0.14 0.80
4 2.82 ± 0.24 1.00 2.05 ± 0.03 0.72
6 2.97 ± 0.06 1.00 2.47 ± 0.00 0.83
8 3.38 ± 0.37 1.00 2.98 ± 0.21 0.88
10 4.39 ± 0.32 1.00 3.85 ± 0.46 0.87
12 4.62 ± 0.18 1.00 4.44 ± 0.66 0.96
14 4.80 ± 0.19 1.00 4.17 ± 0.00 0.86
20 4.94± 0.36 1.00 4.29 ± 0.01 0.86
25 3.86 ± 1.02 1.00 3.18 ± 0.42 0.82

2.2.5. Morphology and Particle Size Distribution

The morphology of dextran and the rlevblg1-dex-CLEAs was investigated using
FESEM at two different magnifications (500 and 3000 K). The CLEA particles could form
either a spherical and well-defined structure (type I) or a cluster with a less-defined structure
(type II) [42]. As displayed in Figure 5A,C, the rlevblg1-dex-CLEAs belong to type I CLEAs,
owing to their uniform appearance. Moreover, the surface of the developed rlevblg1-dex-
CLEAs was rough compared to native dextran, which has a smooth surface (Figure 5B,D).
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Based on the FESEM images, the structure of the aggregates was porous with the
presence of multiple cavities. However, the particle size of the rlevblg1-dex-CLEAs mea-
sured via Dynamic Light Scattering (DLS), shown in Figure 5E, was lower (0.1 µm) than
that obtained from the FESEM analysis (10 µm). This could be due to the differences in
sample preparation for each technique. For DLS, the samples were analyzed in a liquid
environment, whereas completely dry samples were submitted for FESEM [43]. In addition,
the differences in the particle size of the two methods could be due to the lack of sensitivity
of DLS in analyzing complex samples [44] as well as in measuring the accumulation of
structural correlation and aggregates [45], leading to misestimation of the particle size of
the polydisperse samples, as is the case of the rlevblg1-dex-CLEAs in this study. Despite
that, the average particle size of the rlevblg1-dex-CLEAs, using DLS, was 12.5-fold higher
than that of dextran. The higher particle size [46], lower compactness [42], and presence of
cavities [47] in the formed CLEAs facilitated substrate diffusion into the catalytic site and
led to greater substrate affinity, which was previously confirmed by the lower Km value
compared to the free enzyme (Table 1).

2.2.6. Functional Group Analysis

The chemical compositions of dextran, free rlevblg1, and the rlevblg1-dex-CLEAs
were investigated using FT-IR spectroscopy (Figure 6). Based on the FT-IR spectrum of
free rlevblg1, the region 3700–2900 cm−1 is associated with N–H and O–H stretching [48],
and 1700 to 1600 cm−1 is assigned to the C = O stretching vibrations of amide-I bands [49].
Moreover, the area 1200–900 cm−1 is attributed to COO- [50], and the peak at 1393 cm−1

corresponds to the C-N bend of amide III [51] in rlevblg1. Compared to the free enzyme,
the intensity of the O–H group (3300–2700 cm−1) in the FT-IR of the rlevblg1-dex-CLEAs
was decreased, which indicates that there was intermolecular interaction between the O–H
group of dextran and levanase after immobilization [52]. Interestingly, the intensity of
the N-H bend at peak 1622 cm−1 significantly decreased [53] in the rlevblg1-dex-CLEAs,
which indicates the interaction of dextran with the amine group in rlevblg1 to form the
amide bonds [54] in CLEAs. In addition, the intensity of the 1200–900 cm−1 area and the
1393 cm−1 peak increased, which confirms the formation of carboxylate and amide linkages
in the rlevblg1-dex-CLEAs, respectively.
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Figure 6. Fourier transform infrared (FTIR) analysis of dextran, rlevblg1, and rlevblg1-dex-CLEAs.

2.2.7. Reusability and Storage Stability

The reusability of the enzyme is an essential feature that the CLEA technique provides
during economic production in industrial applications. The reusability of the rlevblg1-
dex-CLEAs was evaluated for five cycles, as illustrated in Figure 7A. Up to the third
cycle, the activity of the rlevblg1-dex-CLEAs was significantly recovered and they retained
84.9% of their initial activity. In addition, almost 60% of the initial activity was retained
at the fourth cycle, which is 1.2-fold higher than the residual activity of rlevblg1 cross-
linked with DAS [35]. However, the rlevblg1-dex-CLEAs became unstable as the activity
decreased, reaching 11.1% on the fifth cycle. This sudden reduction in the reusability could
be due to the break of the covalent bonds that connect the enzyme and the cross-linker
(dextran), causing enzyme leaching during the washing and separation steps after each
cycle [26,55]. Leaching of the enzyme was confirmed after the separation and washing
steps by measuring the protein concentration in the supernatant at the end of each cycle.
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Figure 7. (A) Reusability of rlevblg1-dex-CLEAs for 5 cycles and (B) storage stability of free rlevblg1
and rlevblg1-dex-CLEAs at 4 ◦C. The initial activity was adjusted to 100%. The experiments were
conducted in triplicate and error bars represent standard deviations. Average values showing
significant differences are marked with varying numbers of asterisks (*) following the results of an
ordinary one-way ANOVA Tukey’s multiple comparison test with a 95% confidence interval, and
initial activity (1st cycle and 0 days) was set as a control: p < 0.05 (*) shows significance; p < 0.0001
(****) points to an extremely significant difference; ‘ns’ denotes a non-significant result.
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The storage stability of the enzyme (free and immobilized) is another crucial factor
when evaluating the potential application of the enzyme in industrial processes. The
storage stability of free rlevblg1 and rlevblg1-dex-CLEAs was monitored at 4 ◦C over
180 days by measuring the residual activity. Free and immobilized enzymes retained
superior catalytic activity for over 180 days of storage (Figure 7B). After 180 days of
incubation, the free rlevblg1 and rlevblg1-dex-CLEAs retained 55.9% and 60.9% of their
initial activity, respectively. Moreover, the rlevblg1-dex-CLEAs exhibited significantly
higher (6-fold higher) residual activity than the lipase-CLEAs, which retained only 10%
of their initial activity after 180 days of incubation [36]. The enhancement in the storage
stability of the rlevblg1-dex-CLEAs could be due to the strong linkages between dextran
and rlevblg1 that increased the rigidity of the enzyme [39], thus extending their life span.
Therefore, the properties of the rlevblg1-dex-CLEAs’ storage for a long-term duration, easy
recovery, and multiple reuses would effectively reduce the overall cost of biocatalysts, thus
offering an advantage for usage in industry applications.

2.3. L-FOS Production

The obtained rlevblg1-dex-CLEAs were further investigated for their hydrolysis of
levan to produce L-FOS under standard reaction conditions at different reaction times
(1, 2, and 3 h). Clearly, the rlevblg1-dex-CLEAs were able to hydrolyze levan, producing
levanpentaose (DP5) as the major product, followed by levanbiose (DP2) and levantriose
(DP3) at all reaction times (Table 3). However, levantetraose (DP4) was not detected in
the final product. The degradation of DP4 has been reported previously, as endolevanase
from Bacteroides thetaiotaomicron was used to hydrolyze levan [56], which supports our find-
ings. In fact, intermediate hydrolysis of the final L-FOS profile depends on endolevanase
specificity as well as reaction time [57]. Therefore, DP4 was selectively hydrolyzed with
rlevblg1, even with a short time of reaction (1 h), yet not DP2, DP3, nor DP5. However, as
the reaction time was extended from 2 to 3 h, a slight degradation of DP2 to fructose as
well as accumulation of DP3 and DP5 were observed. Presumably, these accumulations
would be re-hydrolyzed as the reaction time further elongated.

Table 3. L-FOS production by rlevblg1-dex-CLEAs at 1, 2, and 3 h of reactions. Reactions were
performed at 30 ◦C with 0.5% (w/v) soluble levan.

Time (h) Fructose
(mg/g) DP2 (mg/g) DP3

(mg/g)
DP5

(mg/g)
Total Reducing

Sugar (mg/g)
Total

L-FOS (mg/g)
Product

Ratio

1 0.0 ± 0.0 61.7 ± 26.2 21.9 ± 12.1 1284.2 ± 1.3 1367.9 1367.9 1.00
2 14.6 ± 8.6 249.1 ± 28.9 40.5 ± 15.0 1425.8 ± 15.3 1730.1 1715.5 0.99
3 16.9 ± 0.5 208.6 ± 1.2 167.8 ± 5.2 1519.7 ± 22.0 1913.1 1896.2 0.99

Furthermore, previous studies have reported the influence of the microbial source
of the enzyme on the main product of L-FOS. Endolevanase isolated from Bacillus licheni-
formis [7], Bacillus sp. L7 [58], and Bacillus sp. 71 [59] produced DP2, DP3, and DP5 as the
main products from levan, respectively. In the case of endolevanase from Bacillus lehensis
G1 (rlevblg1), DP2 was the main product of the free enzyme and CLEAs prepared with
GA [37]. Interestingly, DP3 was the main product of rlevblg1 cross-linked with DAS [35].
In this study, rlevblg1-dex-CLEAs (developed using dextran) produced DP5 as the main
product. Thus, the hydrolytic product of endolevanase is not only determined by the
microbial sources of the enzyme [9] but also presumably by the type of cross-linker, which
has an equal impact on the formation of the final L-FOS product.

During the cross-linking process, different cross-linkers would alter the conformation
of the enzyme to different extents, thus changing its active site and substrate specificity,
which could potentially influence the DP of the hydrolysis products. This is consistent with
our previous results, where dextran improved the effectiveness factor, morphology, size,
and kinetics of immobilized rlevblg1. Therefore, the total yield of levan bioconversion by
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rlevblg1-dex-CLEAs increased gradually as the reaction time increased. At 3 h of reaction,
99.1% of levan (w/v) was hydrolyzed to L-FOS by the rlevblg1-dex-CLEAs, whereas the
free rlevblg1, CLEA-GA, and CLEA-DAS produced 51.2% (w/v), 35.6% (w/v) [37], and
63.4% (w/v) [35] L-FOS, respectively. This significant improvement in the production of
L-FOS is due to the better substrate accessibility after cross-linking rlevblg1 with dextran.
In addition, the product ratio of rlevblg1-dex-CLEAs was almost the same at all reaction
times, which justifies the slow rate of re-hydrolysis and the longer accumulation of L-FOS
(DP5) in the final product. Evidentially, these findings emphasized the potential of rlevblg1-
dex-CLEAs to produce sufficient and longer degrees of L-FOS polymerization, which is
more desirable for industrial applications.

3. Methodology
3.1. Materials

All standard laboratory-grade chemicals and reagents used in this study were purchased
from Thermo Fisher scientific (Waltham, MA, USA), Sigma-Aldrich (Burlington, MA, USA),
and Merck (Darmstadt, Germany), unless stated otherwise.

3.2. Preparation and Optimization of Cross-Linked rlevblg1 Aggregates

Enzyme (rlevblg1) expression was performed by adding 2.0% of the grown culture (E. coli
BL21 hosting the pDEST17-endolevanase plasmid) to a 1.5 L autoinduction medium incorpo-
rated with 100 µg/mL of ampicillin, at 25 ◦C with an agitation of 200 rpm for 24 h. Protein
purification was conducted through AKTAprime plus purification system (GE Healthcare,
Chicago, IL, USA) with a HisTrap HP column (GE Healthcare, Chicago, IL, USA).

The development of CLEAs was performed according to Abd Rahman et al. [35],
with some modifications. For enzyme precipitation, 60% ammonium sulfate was added
to 0.4 mg/mL of the purified enzyme, with 200 rpm orbital stirring at 4 ◦C for 1 h. The
aggregated enzyme was then cross-linked by the addition of 0.8% (v/v) dextran in a total
volume of 1 mL, with constant agitation of 200 rpm at 4 ◦C for 1 h. The formed particles
were centrifuged at 10,000× g for 4 min at room temperature. The pellet was washed using
glycine–NaOH buffer (50 mM, pH 8) until no activity was observed in the supernatant.
Afterwards, the CLEAs were optimized by using the one factor at one time (OFAT) approach
to manipulate various parameters, such as enzyme concentration (0.2, 0.4, 0.6, 0.8, and
1.0 mg/mL), concentration of cross-linker (0.2%, 0.4%, 0.6%, 0.8%, 1.0%, and 2.0% (v/v)),
and pH buffer (6–11) at different lengths (0.5, 1, 2, 3, and 4 h), with 200 rpm at 4 ◦C. The
effect of the selected parameters was analyzed based on the activity recovery of rlevblg1.
The enzyme assay was performed by adding 0.5% (w/v) of levan to 1 µg of rlevblg1 in a
total volume of 200 µL (50 mM glycine-NaOH buffer (pH 8.0)) at 30 ◦C for 10 min [60]. The
enzymatic activity, recovery activity, and residual activity of free and immobilized enzymes
were calculated from Equations (1)–(3), respectively, as follows:

Enzyme activity
(

U
mL

)
=

Sugar released (µmol)×Total volume of assay (mL)
Volume of enzyme(mL)×Time of assay(min)×Volume in cuvette (mL)

(1)

Recovery activity(%) =
Activity of CLEAs

(
U

mg

)
Activity of free enzyme

(
U

mg

) × 100% (2)

Residual activity(%) =
Final activity

(
U

mg

)
Initial activity

(
U

mg

) × 100% (3)

3.3. Physiochemical Properties of Free rlevblg1 and rlevblg1-dex-CLEAs

The structure and morphology of the dextran and CLEAs were analyzed using field
emission scanning electron microscope (FESEM) (Hitachi SU8020, USA). FESEM images
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were taken with various magnifications. Fourier transform infrared (FT-IR) spectroscopy
(Perkin Elmer, Akron, OH, USA) was used to investigate the functional groups present in
the wavenumber range of 370–4000 cm−1 in a transmittance mode. All samples were oven
dried at 85 ◦C for water removal purposes prior to FESEM and FT-IR analysis. The particle
size of the samples was determined using Dynamic Light Scattering (DLS) analysis via
Zetasizer Nano ZSP (Malvern Instrument, Malvern, UK).

3.4. Characterization of the Biocatalytic Properties and Operational Stability of Free rlevblg1 and
rlevblg1-dex-CLEAs
3.4.1. Optimum Temperature and pH

The optimum temperature of free and immobilized rlevblg1 was determined at tem-
peratures ranging from 20 ◦C to 50 ◦C for 10 min. Likewise, the optimum pH of free and
immobilized rlevblg1 was examined at different pH values (pH 6 to pH 11) at 30 ◦C for
10 min. The experimental buffers were prepared as described by Abd Rahman et al. [35],
which were 50 mM sodium acetate (pH 5.0), 50 mM potassium phosphate (pH 6.0–7.0),
and 50 mM glycine-NaOH (pH 8.0–11.0). The activity of the free and immobilized rlevblg1
at different temperatures and pHs were calculated as a relative activity to the optimum
condition, which was set as 100%.

3.4.2. Thermal and pH Stability

The thermal stability of the free rlevblg1 and rlevblg1-dex-CLEAs was identified
by measuring the residual activity after incubation without substrate (levan) at different
temperatures (25, 30, 35 ◦C) for 1 h in 50 mM of glycine-NaOH buffer (pH 8.0). The enzyme
activity was observed after a specific interval of every 10 min. The residual rlevblg1 activity
was subsequently determined by conducting an enzyme assay and was calculated relative
to the initial activity prior incubation, which was set as 100%.

The pH stability was evaluated by pre-incubating the free rlevblg1 and rlevblg1-dex-
CLEAs without substrate (levan) at different pH buffers ranging from pH 6 to 11 for 1 h
at 4 ◦C, as previously performed by Abd Rahman et al. [35]. The stability of pH was
determined by conducting an enzyme assay and was calculated as the relative activity to
the optimum condition, which was set as 100%.

3.4.3. Kinetic Analysis of Free and Immobilized rlevblg1

The kinetic parameters of the free rlevblg1 and rlevblg1-dex-CLEAs were determined
by varying levan concentrations (1.0 to 25.0% (w/v)) under standard conditions. The
tested parameters, namely the maximum velocity (Vmax), Michaelis–Menten constant
(Km), turnover number (kcat), and catalytic efficiency (kcat/Km), were measured from the
Lineweaver–Burk plot [61].

Meanwhile, the effectiveness factor (η) of the free and immobilized rlevblg1 was
calculated from the following equation:

(η) =
Velocity of rlevblg1 − dex − CLEAs

Velocity of free rlevblg1
(4)

3.4.4. Reusability and Storage Stability of rlevblg1-dex-CLEAs

The reusability of the synthesized rlevblg1-dex-CLEAs was evaluated for five cycles
under standard assay conditions. At the end of each cycle, samples were recovered via
centrifugation at 10,000× g and 25 ◦C for 2 min. The supernatant was then drained, and the
pellet was cleaned using glycine-NaOH buffer (50 mM, pH 8.0) and resuspended in 0.2 mL
of the freshly prepared reaction mixture. The residual activity at the end of each cycle
was quantified via an enzyme assay, with the enzyme activity for the first cycle calibrated
as 100%.

The storage stability of the free and immobilized rlevblg1 was determined by the
Kumar et al. [62] method, with some modifications. Samples were stored in 50 mM of
glycine-NaOH buffer (pH 8.0) without substrate (levan) at 4 ◦C for up to six months.
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The activity recovery of the samples was tested on day (0, 1, 4, 10, 20, 40, and 180) by
centrifuging the samples at 10,000× g for 4 min at 25 ◦C, and the pellet was washed. The
catalytic activity of the samples was measured via a DNS assay, and residual activity was
determined relative to the initial activity prior incubation (day-0), which was set as 100%.

3.5. Evaluation of the Hydrolysis Reaction Efficiency of rlevblg1-dex-CLEAs

The immobilized rlevblg1 was tested for the stability and kinetics of levan-type
fructooligosaccharides (L-FOS) conversion using the method established by Abd Rah-
man et al. [35]. L-FOSs conversion was investigated by adding 0.5% levan (1100–1600 kDa)
to rlevblg1-dex-CLEAs incubated in a thermomixer (Eppendorf, Hamburg, Germany) for
a period of time (1, 2, and 3 h) at 30 ◦C under 850 rpm. The bioconversion of levan into
L-FOSs and reducing sugars was assessed and confirmed using high-performance liquid
chromatography (HPLC) with a refractive index detector (Waters, Milford, MA, USA). The
samples were separated using a Cosmosil Sugar-D column (4.6 mm × 250 mm), and the
column temperature was set to 30 ◦C. Meanwhile, the sensitivity of the detector and the
internal temperature were adjusted to 64 MV and 37 ◦C, respectively. The mobile phase
used comprised of acetonitrile–water (70:30) delivered at a flow rate of 1.0 mL/min. The
concentration of monosaccharides and oligosaccharides was quantitated using an equation
obtained from a standard calibration curve (Supplementary data). The standards were
employed to generate a calibration graph comprised of a mixture of monosaccharides
(fructose) and oligosaccharides (levanbiose; DP2, levantriose; DP3, levantetraose; DP4
and levanpentaose; DP5). The standards were obtained from Sigma-aldrich, with a HPLC
purity of 99%. All standards and samples were centrifuged at 10,652× g for 15 min at
25 ◦C and filtered using a 0.22 µm syringe filter before the (20 µL) samples were injected
into the column. The fraction of bioconversion was determined from the consumption of
the substrate.

3.6. Statistical Analysis

Statistical analyses of CLEA immobilization development and characterization of the
rlevblg1-dex-CLEAs were performed using analysis of variance (ANOVA) and Tukey’s
multiple-comparison post-test with GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego,
CA, USA). Differences between groups of analyses were defined as not significant (rep-
resented in Figures 1, 3, 4 and 7 by ns) at a p value of >0.05. All tests were conducted in
triplicate, and the level of the significance was 95%.

4. Conclusions

This study addresses the potential of using dextran to cross-link rlevblg1 in the forma-
tion of an efficacious biocatalyst. After optimization, the rlevblg1-dex-CLEAs exhibited
a significant improvement of 90.5% in the activity recovery. Moreover, the rlevblg1-dex-
CLEAs demonstrated better characteristic properties in terms of thermal and storage
stability compared to free rlevblg1. In addition, the substrate accessibility and affinity of
rlevblg1-dex-CLEAs were improved, leading to a high yield of longer levan-type FOS. Thus,
immobilized rlevblg1 can be reused and can endure harsh industrial conditions, resulting
in a cost-effective production of L-FOS. Further, due to its biocompatibility, biodegrad-
ability, and ability to form stable cross-linking, dextran is an attractive cross-linking agent
in the development of robust CLEAs that can be applied in the food processing industry,
including in L-FOS synthesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal14090584/s1, Figure S1: The standard curve of absorbance,
A540 versus fructose mass, µmol, Figure S2: HPLC standard curve for fructose, Figure S3: HPLC
standard curve for glucose, Figure S4: HPLC standard curve for levanbiose (DP2), Figure S5: HPLC
standard curve for levantriose (DP3), Figure S6: HPLC standard curve for levantetraose (DP4),
Figure S7: HPLC standard curve for levanpentaose (DP5).

https://www.mdpi.com/article/10.3390/catal14090584/s1
https://www.mdpi.com/article/10.3390/catal14090584/s1
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