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Abstract Core shell magnetite nanoparticle (CSMN) was successfully synthesized with
diameter around 125 nm according to the determination with scanning electronic microscopy.
SBA-15 with diameter around 31 nm was synthesized in our previous work as another
supporter for immobilized degradation enzymes. The aim of this study was to investigate the
influence of silica-derived nano-supporters on cellobiase after immobilization. With covalent
method, glutaraldehyde was introduced to immobilize cellobiase. The immobilized enzyme
efficiency, specific activity, and its characterization, including optimum pH, pH stability,
optimum temperature for enzyme reaction, and enzyme thermal stability were investigated.
Results show that the method of enzyme immobilization on both nano-supporters could
improve cellobiase stability under low pH and high temperature conditions compared with the
free enzyme. In the aspect of immobilization efficiency, SBA had higher amount of bounded
protein than that of CSMN, but had lower specific enzyme activity than CSMN, assumably due
to the change in silica surface properties caused by process of supporter synthesis.
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Cellobiase (EC 3.2.1.21) is a critical part of the cellulase system [1] catalyzing the final step
in cellulose hydrolysis to reducing sugar. For most cellulose bioconversion processing
industries, cellulose was firstly hydrolyzed by the catalysis of endo-(1, 4)-β-D-glucan
glucanhydrolases (EC 3.2.1.4) and exo-(1, 4)-β-D-glucan cellobiohydrolases (EC 3.2.1.91)
to cellobiose, and then was ultimately hydrolyzed to reducing sugar by cellobiase as an
economic way for ethanol production. During enzyme hydrolysis, the accumulation of
cellobiose will cause severe feedback inhibition on both endoglucanase and exoglucanase
activities. Therefore, addition of cellobiase in reaction system is crucial for both cellulose
bioconversion and follow-up ethanol production [2]. In food industry, cellobiases are key
enzymes and play an important role in the varietal aroma-enhancing process of fruit juices
and wines by releasing odor aglycon from monoglucosidic complexes [3].
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The immobilized enzyme technique offers several advantages in industrial and
biotechnological applications, including repeated use, ease of separating reaction products
from the biocatalyst, and improvement of enzyme stability. There are many different
strategies which have been proposed to immobilize enzymes. Examples include adsorption
[4, 5], covalent binding [6], granulation [7], and entrapment in polymers [8]. Covalent
immobilization has the advantage of forming strong and stable linkages between an enzyme
and the carrier. Consequently, it eliminates the loss of activity caused by enzyme leakage
from the support. Porous silica is the most commonly used supporter for the technique of
immobilized enzyme [9]. However, the number of commercialized activated carriers for
covalent immobilization is relatively small compared with available enzyme adsorbent
materials.

According to our previous work, a nano-sized particle porous silica SBA-15 has been
successfully used for immobilizing laccase [10]. In this paper, we introduced an innovated
method, synthesis of core shell magnetite nanoparticles (CSMN), for immobilizing
enzymes. The technique of synthesizing CSMN not only prevents the magnetite
aggregation and the rapid biodegradation when they are directly exposed to biological
system but also provides the convenience of collecting and recycling especially for the
nano-scale supporters. We further investigated and characterized the immobilized enzymes
in terms of their immobilization efficiency, thermal stability, pH stability, optimal pH, and
temperature for biocatalysis.

Materials and Methods

Cellobiase (Novozym-188), tetramethylammonium hydroxide, tetraethyl orthosilicate (Si
(OC2H5)4, TEOS), glutaraldehyde, 3-aminopropyltrietoxysilane (APTES), and all other
chemicals were obtained from Sigma Aldrich.

Synthesis of CSMN and its Size Determination

Aqueous dispersions of magnetite nanoparticles were prepared according to what was
described in Correa-Duarte et al. [11]. Briefly, 20 ml of 1 M FeCl3 and 5 ml of 2 M FeSO4

in HCl (2 M) were added to 250 ml of 0.7 M NH4OH under rapid mechanical stirring and
the mixture was allowed to stir for 30 min. After centrifuging, the black solid product was
redispersed in distilled water and tetramethylammonium hydroxide solution was added.

Silica-coated magnetite nanoparticles were synthesized by mixing 4.85 ml NH4OH,
H2O, 58.8 ml EtOH, 6.22 ml of the previously washed magnetite nanoparticles, and 2 ml
TEOS in aqueous solution with mechanical stirring for 4 h. The formed particles were
centrifuged to eliminate excess reactants and redispersed in 50 ml of pure water [12].

The size of CSMN was characterized with scanning electron microscope (SEM, FEI
Quanta 200), which was operated under a high vacuum condition. The CSMN was
dispersed in 100% ethanol and deposited on pre-cleaned glass slide.

Immobilization of Cellobiase on SBA and CSMN

Immobilization of cellobiase was carried out by covalent coupling on silica spheres. Briefly,
2 g of SBA-15 or magnetite silica nanospheres prepared aforementioned, 2.5 ml H2O, and
10 ml APTES were added into 250 ml methanol. The mixture was mixed with 150 ml
glycerol and then transferred to a 500 ml three-necked flask equipped with a mechanical
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stirrer. The temperature was kept at 85–90 °C with rapid stirring for 3 h. Deionized water
and methanol were used to wash both nanospheres for several times. These washed
nanospheres were immersed in 5% (v/v) glutaraldehyde solution with 0.1 M phosphate
buffer, pH 7.4, for 6 h at room temperature and then washed with deionized water. Ten
milliliters of phosphate buffer (pH 7.0) containing 50 mg of enzyme protein was added to
the pellet to give a final cellobiase titer of 0.2 U mg−1 clay. The suspension was stirred at
5 °C for 24 h, centrifuged at 13,000 ×g for 10 min to remove the buffer, and washed several
times with buffer until no enzyme activity was detected in the supernatant.

Determination of Enzyme Activity and Protein Concentration

A sample of enzyme solution (0.01 ml) was added to 0.5 ml of 0.1 M acetate buffer (pH
5.0) containing 2 mM 4-nitrophenyl β-D-glucopyranoside. The reaction mixture was
incubated for 10 min at 30 °C. The absorbance was read at 405 nm upon addition of 0.5 ml
Na2CO3 solution (1 M). One unit of enzyme activity is defined as the quantity of enzyme
hydrolyzing 1 μmol of substrate under the conditions stated above. Protein concentration in
the solution was determined by the method of Lowry et al. [13] using bovine serum
albumin as the standard.

Stability and Catalytic Reaction Experiments

Resistance of immobilized enzymes to pH changes was conducted by measuring the
activities after they were put in different buffer solutions (pH 2–8.5) for 24 h. Residual
activity was measured and expressed as a percentage relative to the initial enzyme activity.
Effect of pH on relative activity of cellobiase was investigated in the range of 2–8.5 for
immobilized enzymes and free enzyme. The effect of temperature on enzyme activity was
investigated in the range of 20–80 °C for both free and immobilized cellobiase. The
estimation of the thermal stability of free and immobilized cellobiase preparations was
carried out by measuring the residual activity of enzyme exposed to different temperatures
(50, 60, and 70 °C) in acetate buffer at pH 5.0. Samples were taken at different time
intervals (1, 3, 7, 15 h) during incubation.

Results and Discussion

Properties of SBA and CSMN

SBA-15 particles were synthesized and the related characterization was described in our
previous work [10]. SBA-15 possesses highly ordered large mesopores with hexagonal
structure. The average diameter of these particles is determined with atomic force
microscope as 31 nm with a narrow size distribution. In this research, CSMN was
successfully synthesized, and Fig. 1 shows the SEM micrograph of CSMN which was
deposited onto a pre-cleaned glass. The CSMN had a spherical shape and was arranged in a
continuous and homogeneous monolayer. Its average size is around 125 nm.

The surface of SBA and CSMN is biocompatible and can be functionalized with the
silane coupling agent. APTES is a commercialized amino-functional silane coupling agent.
They were covalently bound to the surface of silica spheres. The terminal amino groups are
reactive and can be transferred to aldehyde groups by a glutaraldehyde method to facilitate
the attachment of proteins or enzymes [14]. Table 1 is the comparison of immobilization
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efficiency between the two supporters. The amount of protein bound on SBA surface is
more than that of CSMN. Their surfaces are all made of silica. On the other hand, both
supporters are APTES functionalized and activated with glutaraldehyde; consequently,
the treatment decreased the pore diameters and pore volume. That is to say, the
aminopropyl groups anchored at an entrance of the pores of support may block more
enzymes to enter the channels of the support [15]. Obviously, the size of CSMN is about
four times than that of SBA. Smaller particles have larger surface-to-volume ratios and
larger capacity for binding more enzymes on their surface [16]. Therefore, we speculated
the reason that caused the different immobilization efficiency is the ratio of surface area
between SBA-15 and CSMN.

In the aspect of specific activity of the immobilized cellobiase, the group of SBA which
has 21.5 U/g clay was lower than that of CSMN. Since their outside surfaces were all made
of silica, there were no significant differences in their chemical properties. The only
difference between them is the method with which they were synthesized. The pore size of
CSMN surface synthesized by Stöber method was around 0.5 nm [17], while SBA holds
highly ordered large mesopores with a diameter varying from 6 to 30 nm [18]. Although the
method of APTES function prevents the enzyme from entering inside SBA, the size of
cellobiase is less than 1 nm. Therefore, larger porous areas on supporter surface might
increase the possibility of more enzyme catalytic region in SBA group taking part in
covalent binding to supporters. Consequently, the final specific activity of cellobiase on
CSMN was higher than that of SBA.

Table 1 Immobilized cellobiase on different supporters.

Supporters Bound protein g/g clay Enzyme activity U/g clay

SBA 0.37 21.5
CSMN 0.23 25.0

Fig. 1 SEM micrograph of
CSMN
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Effect of pH on the Stability of Immobilized Enzyme

Immobilized cellobiase was incubated in buffers with pH ranging from 2 to 8.5 at 4 °C for
24 h and then assayed for activity. Results (Fig. 2) show that, in the pH range studied, the
relative activity of both immobilized enzymes is higher than that of free enzyme, when the
pH is below 3.0. Therefore, the immobilized form is more resistant to low pH and more
stable than that of free form [19]. Immobilized enzymes normally tend to show higher
resistance to deactivation. The enzyme is confined in a region that is not exposed to the
solution as in the case of the free enzyme. Because of this restriction, the microenvironment
around the enzyme is not affected to the same extent as the surrounding solution with the
changes in the parameters of the medium [20].

Effect of pH on Activity of the Immobilized Cellobiase

Activities of the immobilized cellobiase was compared with those of free enzyme in the pH
range of 2.0–8.5. It can be seen in Fig. 3 that the optimum reaction pH for the group of free
enzyme, CSMN, and SBA-15 is 4.0, 4.0, and 4.5, respectively. There is a slight shift
towards the base region in the group of SBA, assumably due to the highly polyionic
immobilized supports which could shift slightly in acidic or basic region relative to that of
free enzyme [21]. A similar shift in the pH optimum for immobilized enzyme on different
supporters was also reported in literatures [22, 23]. The reason that CSMN did not show
this trend might be due to its large size that affects fewer enzymes on supporters relative to
that of SBA. Furthermore, the cellobiase immobilized on SBA-15 and CSMN has higher
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activities across a broader pH range from 2.0 to 8.0. The relative activity of CSMN group is
a little higher than that of SBA-15.

Effect of Temperature on Activity of the Immobilized Cellobiase

The effect of temperature on relative activity of the immobilized cellobiase is shown in Fig. 4.
Immobilized enzymes and free enzyme showed a similar trend of temperature stability in
the temperature range studied (25–80 °C). Cellobiase immobilized on SBA illustrated
relatively higher enzyme activities at lower temperatures (20–50 °C) compared with the
other two groups. The optimal temperature (i.e., the temperature that shows a maximum
relative activity) is 60, 65, and 65 °C for free enzyme, SBA, and CSMN, respectively. The
activity of all groups decreased sharply when temperatures continue to increase above that
point. Above that point, SBA and CSMN showed better cellobiase activities and more
stability. In order to investigate the effect of immobilization on the stability of cellobiase,
we conducted the experiment of thermal inactivation of immobilized enzymes.

Thermal Inactivation of Immobilized Enzymes

Since all groups’ optimum reaction temperatures were around 60–65 °C, we chose the
temperature of 60, 65, and 70 °C, respectively to investigate thermal inactivation of the
immobilized enzyme. Figure 5a–c shows time-course activities of cellobiase at different
temperatures. It is evident that the immobilized cellobiase are more resistant to inactivation at
higher temperatures. Thermal inactivation of cellobiase immobilized on different support
shows the general trend CSMN>SBA>free enzyme at all test temperatures. In the case of
60 °C, free enzyme retained about half of the original enzyme activity at 180 min incubation.
The relative enzyme activity of the immobilized groups was still around 80% of the original.
At 65 °C, 180 min incubation almost inactivated free cellobiase, while the groups of SBA and
CSMN retained 35% and 41% of the original activity, respectively. At 70 °C, activity of free
enzyme holds 10% of the original enzyme activity at 60 min, while the same level of
inhibition (i.e., 10% of the original activities) in groups of SBA and CSMN occurred at
incubation time 120 min. Therefore, the immobilized cellobiase appeared to be more resistant
to inactivation at the higher temperature. Both supporters generally show the protective effect
at higher temperatures when inactivation of free enzymes occurred. The conformational
flexibility of the enzyme is affected by immobilization. Immobilization of the enzyme causes
an increase in enzyme rigidity, which is commonly reflected by an increase in stability
towards denature while raising the temperature [24, 25].
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Recycle Assays of Immobilized Cellobiase

Investigations were carried out to determine the durability of cellobiase immobilized on
CSMN and SBA. The immobilized enzymes were recycled ten times and assayed the enzyme
activity after each recycling. Figure 6 shows the results of remained enzyme activities of each
recycle. Cellobiase immobilized on both supporters shows great reusability. Both supporters
still hold the relative enzyme activities at a high level (≥80%). This result partly proved that
the covalent method could prevent the loss of enzyme during reactions and improve the
enzyme stability.
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