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Abstract: Enzyme immobilization on different supports has emerged as an efficient and cost-effective
tool to improve their stability and reuse capacity. This work aimed to produce a stable immobilized
multienzymatic system of xylanase and filter paper-ase (FPase) onto magnetic chitosan using genipin
as a cross-linking agent and to evaluate its biochemical properties and reuse capacity. A mixture
of chitosan magnetic nanoparticles, xylanase, and FPase was covalently bonded using genipin.
Immobilization yield and efficiency were quantified. The activity of free and immobilized enzymes
was quantified at different values of pH, temperature, substrate concentration (Km and Vmax),
and reuse cycles. The immobilization yield, immobilization efficiency, and activity recovery were
145.3% ± 3.06%, 14.8% ± 0.81%, and 21.5% ± 0.72%, respectively, measured as the total hydrolytic
activity. Immobilization confers resistance to acidic/basic conditions and thermal stability compared
to the free form. Immobilization improved 3.5-fold and 78-fold the catalytic efficiency (Kcat/Km) of
the xylanase and filter paper-ase activities, while immobilized xylanase and FPase could be reused for
34 min and 43 min, respectively. Cross-linking significantly improved the biochemical properties of
immobilized enzymes, combined with their simplicity of reuse due to the paramagnetic property of
the support. Multienzyme immobilization technology is an important issue for industrial applications.

Keywords: hydrolytic enzymes; nanobiocatalyst; nanoparticles; catalytic efficiency

1. Introduction

Among the numerous compounds employed to formulate polymeric nanoparticles, chitosan has
been used due to its biodegradability, biocompatibility, and non-toxicity [1]. Genipin is commonly
used in pharmaceutical, food, and health industries due to its unique biocompatibility and low
cytotoxicity relative to conventional cross-linkers such as glutaraldehyde and epoxy compounds
(5000–10,000 fold) [2,3]. Since genipin can cross-link amino-group-containing molecules, it has been
used as a support activator for enzyme immobilization [4,5]. Enzymes show great potential for
scientific and industrial processes because of their highly efficient catalytic mechanisms and substrate
selectivity [6]. However, free enzymes are generally unstable, practically non-reusable and many are
denatured at relatively low temperatures. Enzyme immobilization on different supports has emerged as
an efficient and cost-effective tool to improve their stability and reuse capacity [7]. Additionally, enzyme
immobilization may alter their activity, specificity, or selectivity, which could be a tool to improve
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enzyme properties (although an opposite effect is observed in many cases) [8,9]. Moreover, in recent
years, the development of immobilized multienzymatic systems is increasingly guided by economic
and environmental drawbacks, leading to the development of new multistep synthetic methods [10].
Further, it has been reported that multienzyme immobilization could confer superior activity, stability,
and performance compared to individual immobilized enzymes, especially when using complex
substrates [11–13]. However, among the disadvantages of multienzyme immobilization are the different
stabilities of each biocatalyst involved, protocol design, or the occurrence of undesired interactions [14].
Other shortcomings to consider are that when the least-stable enzyme is inactivated, both enzymes need
to be discarded, and usually immobilization protocols on the same support may not be optimal for all
enzymes [9,15]. Thus, efforts have been made to assess the impact of the immobilization procedure on
operational stability, productivity, efficiency, and mass transfer within multienzymatic systems [16–18].
On the other hand, enzyme immobilization on a nano-polymeric matrix can improve enzyme stability
as well as reuse capacity, but some drawbacks should be avoided, such as the cost of the fabrication
process, large-scale application, and separation of the reaction medium [8]. Additionally, magnetic
nanoparticles have attracted special attention as functional carriers and supporting matrices for
immobilization applications due to their large surface area and surface-to-volume ratio, mobility, high
mass transfer, and ease of separation and recovery by using an external magnetic field [19,20].

In this context, a combination of hemicellulolytic enzymes such as FPase and xylanase has been
applied in biorefineries to break down the complex plant cell wall, releasing fermentable sugars
that can be used for the manufacture of high-value materials [18,21]. This goal may be achieved by
designing and characterizing an efficient multi-enzyme system to take advantage of the full potential
of the biorefinery concept. This work aimed to produce a stable immobilized multienzymatic system
of xylanase and FPase onto magnetic chitosan using genipin as a cross-linking agent and to evaluate
the biochemical properties and reuse capacity of this enzymatic system.

2. Results and Discussion

2.1. Immobilization Yield and Efficiency

The magnetic chitosan composite was synthesized in a single step, and was covalently bonded to
two enzymes using a natural and low-toxicity cross-linking agent. The structural characterization of
magnetic nanoparticles cross-linked to two hydrolytic enzymes has been previously described [22].
The immobilization yield, efficiency, and activity recovery were 145.3% ± 3.06%, 14.8% ± 0.81%,
and 21.5% ± 0.72%, respectively, measured as the total hydrolytic activity. In this work, a synthetic
complex substrate was used to quantify the total hydrolytic activity. According to [23], three parameters
determine the success of enzyme immobilization. One is the immobilization yield, which describes
the percentage of free total hydrolytic activity (both xylanase and filter paper-ase (FPase)) that is
immobilized. The immobilization efficiency is another critical parameter, and describes the percentage of
total hydrolytic activity observed in the immobilizate. The last parameter is activity recovery, where the
total hydrolytic activity of the immobilizate is compared to the total starting activity of the free enzymes.
Many reports have shown a wide variety of results for immobilization yield and efficiency that are
attributed to the nature of the immobilization protocol, supporting material, cross-linker agent, and the
particular sizes of enzymes and their substrates [6,7,10,19]. A synergistic effect was demonstrated when
using immobilized enzymes degrading complex substrates rather than using a mixture of individual
immobilized enzymes, which was attributed to the reduction of product inhibition, a limit to the
accumulation of intermediates, and more bound enzymes able to attack large substrates, minimizing
steric hindrance [11,13,17]. Cross-linking alters the microstructure of chitosan by the formation of
covalent bonds between enzymes and Fe3O4@chitosan, as was previously discussed [22], thus impacting
in biochemical behavior of the biocatalyst. While the effect on the enzyme is variable, affecting its
activity, stability, selectivity, specificity, inhibition, resistance to chemicals, recovery, and reuse capacity,
changes in mechanical strength and stability were also reviewed [10,24]. Among usual cross-linkers
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such as glutaraldehyde, carbodiimide/N-hydroxysuccinimide, and epoxy-based materials, genipin
is commonly used because it is a natural product extracted from the herb Gardenia jasminoides Ellis
showing highly reduced cytotoxicity, cross-linking chitosan using the amino groups [25].

2.2. Effect of pH and Temperature on Xylanase and Filter paper-ase Activity

Figure 1 shows the effect of pH on the specific activity of free and immobilized xylanase and
FPase enzymes. As shown in Figure 1a, the maximum activity of free and immobilized xylanase was
observed at pH 6 and pH 4, with values of 1.97 and 3.57 U/mg protein, respectively, indicating that the
activity was higher under drastic pH values. This finding suggests that the support provided stability
to immobilized xylanase at acidic pH values when compared to the free enzyme. Figure 1b shows
that the optimal FPase activity was kept at pH 4, with values of 0.05 and 0.13 U/mg protein, both for
the free and immobilized enzyme. However, immobilized FPase showed a 2.6-fold enhancement in
catalytic activity.
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Figure 1. Effect of pH on the relative activity of (a) free (black full circle) and immobilized (blue open
circle) xylanase and (b) free (black full triangle) and immobilized (red open triangle) filter paper-ase
(FPase). One unit (U) of xylanase and FPase activity is defined as the amount of enzyme catalyzing the
release of 1 µmol of reducing sugar as xylose or glucose equivalent per minute under the specified
assay conditions.

The immobilized enzymes showed improved temperature stability compared to the free enzymes
in the range 30 to 90 ◦C, as shown in Figure 2a,b. The temperature showing the maximum activity of
the free and immobilized xylanase was 70 ◦C, while for the free and immobilized FPase it was 60 ◦C.
The values of activation energy (Ea) estimated from the Arrhenius plots were 45.9 kJ/mol (R2 = 0.92)
for free xylanase and 13.9 kJ/mol (R2 = 0.88) for immobilized xylanase; 39.7 kJ/mol (R2 = 0.94) for free
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FPase and 21.3 kJ/mol (R2 = 0.88) for immobilized FPase. These values represent a 3.3-fold decrease in
Ea for immobilized xylanase and a 1.9-fold decrease for immobilized FPase relative to the free enzymes.
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The changes observed at acidic pH values (Figure 1) may be explained by the ionic interactions
between the enzyme and the support’s surface [26]. In addition, internal pH gradients may be formed
in enzymes immobilized on porous supports due to diffusion limitations of both substrate and product,
resulting in pH changes away from the optimal found in the bulk [9]. Above the optimum temperature
of activity, we observed a gradual decline in free and Fe3O4@chitosan@enzymes activities (Figure 2),
probably due to the disruption of ionic interactions and partial weakening of covalent bonds, which
distort structural conformation of enzymes as described by [27].

Better thermal stability was observed for both enzymes (Figure 2) associated with the newly formed
covalent bonds between enzymes and magnetic nanoparticles [5,28]. The temperature dependence
of the catalytic reaction rate observed through the Arrhenius equation evidences the improvement
that immobilization can produce in enzymes’ conformational changes as reported by [12,27,28], thus,
the immobilized enzymes were able to catalyze the hydrolysis of substrates with a lower Ea when
compared to free enzymes.
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2.3. Kinetic Parameters of Xylanase and FPase

The Michaelis–Menten kinetic parameters of free and immobilized xylanase and FPase were
calculated using the Lineweaver–Burk linearization, and are shown in Table 1. After xylanase
immobilization on the magnetic composite, it showed increased kinetic parameters compared to the
free enzyme: 1.7-fold in Km, 1.8-fold in Vmax, 2.9-fold in Kcat, and 1.8-fold in the catalytic efficiency
(Kcat/Km). In contrast, immobilized FPase compared to the free enzyme showed a 9.4-fold decrease in
Km, a 1.4-fold increase in Vmax, a 3.8-fold increase in Kcat, and 33-fold increase in catalytic efficiency.
It must be pointed out that Kcat values were calculated assuming equal amounts of both enzymes
were attached to the support.

Table 1. Michaelis–Menten kinetic parameters of free and immobilized xylanase and FPase.

Enzyme Form Km
(mg/mL)

Vmax
(U/mL) Kcat (1/s) Kcat/Km

(mL/mg s)

Xylanase Free 1.89 ± 0.46 6.31 ± 0.63 7.01 ± 0.70 3.71 ± 0.57
Immobilized 3.15 ± 0.16 11.6 ± 0.26 20.4 ± 0.90 6.50 ± 0.04

FPase
Free 157 ± 87 2.06 ± 0.88 1.04 ± 0.44 0.007 ± 0.00

Immobilized 16.7 ± 1.6 2.82 ± 0.07 3.92 ± 0.19 0.235 ± 0.01

All values represent the mean of experiments in triplicate (n = 3) ± standard deviation. One unit (U) of xylanase
and FPase activity is defined as the amount of enzyme catalyzing the release of 1 µmol of reducing sugar as xylose
or glucose equivalent per minute (pH 6, 70 ◦C for free xylanase; pH 4, 70 ◦C for immobilized xylanase; and pH 4,
60 ◦C for free and immobilized FPase).

High Km values are related to a low affinity of enzymes for their substrate, and thus lower Km
values are related to a higher affinity (Table 1). An increase in Vmax indicates a faster rate of product
formation in the catalytic reaction (Table 1). When the turnover number (Kcat) is large, product
formation in catalysis is more favorable. Additionally, higher catalytic efficiency (Kcat/Km) reflects a
better ability of the enzyme to interact with the substrate and convert it into products (Table 1).

The apparent improvement in enzyme performance after cross-linking (Table 1) could be related
to a high surface-area-to-volume ratio and increased the diffusion of substrates within immobilized
magnetic nanoparticles [17,27]. It is hypothesized that a higher concentration of substrate in the limited
space of the enzyme complex led to an increased frequency of interactions between immobilized
enzymes and their respective substrate [12]. Furthermore, variations in the affinity of immobilized
enzymes with their substrates could be explained by the formation of new bonds in the cross-linking
reaction, which limited (xylanase) or favored (FPase) flexibility of the enzymes and thus the accessibility
of macromolecular substrates [29]. Further comparison between individually immobilized enzymes
and the immobilized multi-enzyme system should be done to assess a possible synergistic effect.

2.4. Reuse Capacity of Fe3O4@Chitosan@Enzymes

Figure 3 shows the reuse capacity of the immobilized enzymes under optimal conditions of
activity for 10 min in discontinuous mode. After each cycle, the multienzymatic nanobiocatalyst was
magnetically separated, rinsed, and added to a fresh substrate. The catalytic activity of xylanase
decreased to 49% of its initial value after the fourth reaction cycle, while FPase activity decreased to
52% in the fifth cycle. By the sixth cycle, the xylanase activity dropped to 22% and the FPase residual
activity was 23% until the eighth cycle. The time required for the activity to decrease to half its original
activity (t1/2) for xylanase was 34 min (R2 = 0.91) and for FPase it was 43 min (R2 = 95).

Separation and recovery of the immobilized enzymes by an external magnetic field makes this
process highly convenient, where the reuse for multiple cycles is easily achieved, reducing the total
processing costs [30]. Slightly better stability was observed on the residual activity of FPase compared
to the xylanase, where the bonding force to the magnetic composite of the latter could be lower, or else
interference between the two macromolecular substrates could be affecting interactions with the active
site of xylanase. A novel strategy to overcome the problem of low stability could be to immobilize the
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labile and hard-to-stabilize enzyme by ion exchange on the already-immobilized resistant enzyme to
desorb the least-stable enzyme when its activity decreases.
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Other authors have reported outstanding reusability when using immobilized hydrolase systems,
attributed to high retention of biocatalysts in the nanoparticles [11,17]. However, previous studies
using a complex of hydrolytic enzymes immobilized on magnetic particles have reported activity
drops to 20% after the second reuse cycle [16,28]. The reduction of the residual activity of the enzymes
during the recycling test could be due to product inhibition, mechanical damage, or deactivation of
the enzyme [31,32]. This effect was attributed to leakage of the enzyme from the support, due to the
lixiviation of non-covalently bound enzyme molecules adsorbed on the support during the first reaction
cycle. This work provides an opportunity to reduce enzyme consumption during the saccharification
of lignocellulosic materials for the production of oligosaccharides, among other processes.

3. Materials and Methods

3.1. Materials

Genipin (90% w/w purity) was provided by Guangxi SYBiochemical Science & Technology
Co., Liuzhou, Guangxi, China. Xylanase (endo-β-1,4-xylanase from Trichoderma longibrachiatum
≥2.5 U/mg), filter paper-ase (cellulase from Trichoderma viride ≥3–10 U/mg), low-molecular-weight
chitosan (50–190 kDa, 75%–85% deacetylation), and all other chemicals were provided by Sigma-Aldrich
(St. Louis, MO, USA), except those indicated.

3.2. Preparation of Chitosan-Coated Magnetite Particles (Fe3O4@Chitosan) and Enzyme Immobilization
(Fe3O4@Chitosan@Enzymes)

The chitosan magnetic composite and enzyme immobilization were performed as described
by [22]. The magnetite particles coated with chitosan were obtained by in situ co-precipitation of
Fe2+:Fe3+ salt solution in a chitosan template. For enzyme immobilization, 300 mg of Fe3O4@Chitosan
dispersed in 45 mg/mL of a mixture of xylanase and cellulase were covalently bound with genipin
(0.01% w/v) in 50 mM acetate buffer at pH 4.5. The reaction mixture was incubated at room temperature
(25 ± 1 ◦C) for one hour. Then, the immobilized enzymes (Fe3O4@Chitosan@Enzymes) were collected
from the reaction using an external neodymium magnet (1.2 T), rinsed with ethanol 70% v/v and then
with Milli-Q water, and speed vac dried (DyNA vap centrifugal evaporator, Labnet, Edison, NJ, USA)
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at 60 ◦C. The immobilization yield (Equation (1)), immobilization efficiency (Equation (2)), and activity
recovery (Equation (3)) were calculated according to [23] in terms of total hydrolytic activity by using a
mixture of substrates.

Yield (%) = 100% ∗
(

immobilized activity
starting activity

)
(1)

Efficiency (%) = 100% ∗
(

observed activity
immobilized activity

)
(2)

Activity recovery (%) = 100% ∗
(

observed activity
starting activity

)
(3)

3.3. Enzyme Activity Assay

The endo-1,4-β-D-xylanase EC 3.2.1.8 and the total cellulolytic activity or filter paper-ase
(FPase, which comprises four enzymes: endo-1,4-β-d-glucanase (EC 3.2.1.4), exo-glucanase,
1,4-β-d-glucan-cellobiohydrolase (EC 3.2.1.91), and β-glucosidase (EC 3.2.1.21)), for cellulose
degradation were assayed. Activities were quantified determining the amount of reducing sugars
(xylose or glucose equivalent) released from beechwood xylan (3 mg) and filter paper Whatman
No. 5 (10 mg) in 10 min and 30 min, respectively, using 3,5-dinitrosalicylic acid (DNS) reagent,
at the proper temperature [33]. One milliliter of the final volume of enzymatic reaction contained
10 mg of Fe3O4@Chitosan@Enzymes, 4.8 µM and 6.0 µM of free xylanase and cellulase, respectively,
as previously described [34]. Then, the Fe3O4@Chitosan@Enzymes were removed from the reaction
medium using an external magnetic field and the hydrolytic reaction was stopped by adding the
DNS reagent. The total hydrolytic activity was determined by quantifying reducing sugars released
from a mixture of both substrates in 50 mM citrate-phosphate buffer pH 5 at 50 ◦C for 10 min.
Controlled experiments were performed by adding nanoparticles without immobilized enzymes.
One unit (U) of xylanase and FPase activity was defined as the amount of enzyme catalyzing the
release of 1 µmol of reducing sugar as xylose or glucose equivalent per minute under the specified
assay conditions.

3.4. Effect of Temperature and pH on Xylanase and FPase Activity

To evaluate the effect of temperature on the activity of both free and immobilized xylanase and
FPase, enzymatic reactions were incubated at 30–90 ◦C, using 50 mM citrate–phosphate buffer pH
5.0. The activation energy (Ea) of enzymes was determined by plotting ln(activity) vs. (reciprocal
of absolute temperature, 1/K) according to the Arrhenius equation [35]. Ea was determined in the
temperatures where an increment in the activity was observed. From the slope of the plot (–Ea/R) was
obtained, where R is the universal gas constant. Xylanase and FPase activity were quantified using a
50 mM citrate–phosphate buffer for pH values 3.0 to 7.0, a 50 mM phosphate buffer for pH 8.0, and a
50 mM glycine buffer for pH 9.0 and 10.0, at the temperature of maximum activity.

3.5. Kinetic Parameters of Xylanase and FPase

The relation between substrate concentration and reaction rate of free and immobilized xylanase
and FPase were determined using beechwood xylan and filter paper concentrations of 0–6.7 mg/mL
and 0–100 mg/mL, respectively, at the pH and temperature where maximum activity was observed
(pH 6, 70 ◦C for free xylanase; pH 4, 70 ◦C for immobilized xylanase; and pH 4, 60 ◦C for free
and immobilized FPase). The apparent Michaelis–Menten constant (Km) and maximum catalytic
velocity (Vmax) values were obtained using a Lineweaver–Burk plot for free and immobilized enzyme
employing the SigmaPlot 13.0 software (Systat Software, San Jose, CA, USA).
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3.6. Reuse Capacity of Fe3O4@Chitosan@Enzymes

The reuse capacity was assayed by 10 min incubation of the Fe3O4@chitosan@enzymes at the
temperature and pH of maximum activity for each enzyme, thus determining the enzymatic activity.
At the end of the reaction, the immobilized enzymes were separated by applying a magnetic field
(1.4 T), washed with citrate–phosphate buffer (50 mM, pH 4.0), and then transferred to a new reaction
medium to start the next reaction cycle. A plot of the log percent residual activity vs. time was obtained
and the slope was used to calculate the inactivation rate constant (k), and the time required to decrease
activity to half its original value (t1/2) was calculated as 0.693/k. The enzymatic activity in the first cycle
was fixed as 100%.

4. Conclusions

The use of chitosan and genipin contributes to a significant reduction of toxicity risk, making them
a suitable and eco-friendly alternative to synthetic compounds, corresponding to the rising demand
for natural products. Cross-linking significantly improved the biochemical properties of immobilized
enzymes by the unique reorganization of the polymeric matrix. The paramagnetic property shown
by the support allowed easy removal and recovery of the immobilized enzymes by using a magnetic
field. The quick and operative immobilization and reuse methods of individual and immobilized
multienzymatic systems offer the possibility of cost reduction in biotechnological applications.
Multi-enzyme immobilization alternatives still require huge efforts, but after understanding the
activity changes during immobilization, the design of reusable, efficient, and practical multi-enzyme
co-immobilization technology is feasible for industrial applications.
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