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Abstract: Lipase A from Candida antarctica (CalA) and β-glucosidase from Thermotoga maritima
(bgl) were covalently co-immobilized onto the surface of chitosan-coated magnetic nanoparticles
(CS-MNPs). Several parameters regarding the co-immobilization procedure (glutaraldehyde concen-
tration, incubation time, CS-MNPs to enzyme mass ratio and bgl to CalA mass ratio) were evaluated
and optimized. The developed nanobiocatalyst was characterized by various spectroscopic tech-
niques. Biochemical parameters such as kinetic constants and thermal stability were also evaluated.
The nanobiocatalytic system revealed an increase in the Km constant followed by a decrease in Vmax

value compared with the native enzymes, while a significant increase (>5-fold higher) of the thermal
stability of the immobilized CalA, both in individual and in co-immobilized form, was observed after
24 h incubation at 60 ◦C. Finally, the nanobiocatalyst was efficiently applied for the bioconversion of
oleuropein to hydroxytyrosol, one of the most powerful naturally derived antioxidants, and it could
be recycled for up to 10 reaction cycles (240 h of constant operation) at 60 ◦C, retaining more than
50% of its initial activity.

Keywords: multienzyme co-immobilization; lipase A from Candida antarctica; β-glucosidase from
Thermotoga maritima; chitosan-magnetic nanoparticles; nanobiocatalysis; oleuropein modification

1. Introduction

Oleuropein (OLE), a major bioactive phenolic antioxidant found in high concentrations
in the olive tree Olea europaea, is responsible for the bitter taste of olive oil and fruit [1]. Its
chemical structure consists of an ester bond between a molecule of elenolic acid (EA) and
3,4-dihydroxyphenylethanol or hydroxytyrosol (HT) and a glycosidic bond between the EA
and the HT [2]. OLE is characterized by various biological activities, such as antimicrobial,
antioxidant, anti-inflammatory and anticancer. It is also a well-known compound for
its cardioprotective, neuroprotective and hypolipidemic activities, which establish OLE
a potentially natural additive for cosmetics and medicine [3]. On the other hand, HT,
the main degradation product of OLE, is considered one of the most powerful naturally
derived antioxidants, exhibiting a plethora of biological activities, usually superior to
OLE [4]. Apart from HT, other oleuropein’s degradation products, such as the EA or the
oleuropein aglycone, are also gaining increasing attention due to their significant biological
properties. Oleuropein aglycone has been reported to exhibit many activities similar to
those of oleuropein [5], while the secoiridoid, elenolic acid, has been recognized as an
antiviral agent [6,7]. However, contents of HT are low in natural sources, and many
challenges are revealed in its chemical synthesis, including the low final yield and the large
number of toxic reagents and expensive catalysts required.
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The bioconversion of OLE to HT could be an optimal alternative over conventional
chemical processes as a more environmentally friendly approach with higher conversion
rates. Until now, a variety of hydrolytic enzymes including lipases, esterases, cellulases and
xylanases has been reported for the efficient synthesis of HT from OLE [8]. Among them,
β-glucosidases play a key role in the cleavage of the glycosidic bond of OLE, releasing
glucose and its corresponding aglycone. Other enzymes, such as lipases or esterases, could
subsequently initiate the breakage of the OLE ester bond, forming HT and an elenolic
acid glucoside. The regioselective hydrolysis of oleuropein toward the production of
the corresponding biologically active compounds has been recently reported using a free
form of a commercial lipase and a thermophilic β-glucosidase from Myceliophthora ther-
mophile [6]. However, the use of immobilized biocatalysts for the regioselective hydrolysis
of OLE remains restricted and challenging and usually refers to individually immobi-
lized enzymes [9]. However, the development of robust biocatalysts consisting of more
than one enzyme is considered of high priority when referring to reactions that require
the synergistic action of two or more enzymes, such as the bioconversion of oleuropein
(Figure 1).
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Multi-enzyme co-immobilization brings several free enzymes in proximity, so that a
specific arrangement of the enzymes can be accomplished, leading to enhanced reaction
rates compared to their free form. Moreover, the overall process is characterized by the
elimination of reaction byproducts and intermediates and the reduction of diffusion losses,
promoting high yields and atom economy [10,11]. Multi-enzyme biocatalytic systems
could also offer many other advantages such as the possibility of artificially developing
metabolic pathways that do not appear in nature as an alternative to conventional chemical
synthesis for the production of high-value chemicals and bioproducts. Especially, under a
catalytic point of view, multienzyme nanostructures present higher conversion rates when
compared to enzymes immobilized on bulk materials due to their large surface-to-volume
ratio [12].

Chitosan-coated magnetic nanoparticles (CS-MNPs) have been broadly used as
promising nanocarriers for both single- and multi-enzyme immobilization of various
enzymes [13–16] as they provide a plethora of multifunctional characteristics such as
biocompatibility, nontoxicity, small size and superparamagnetism [17]. The easy separation
of these nanocarriers, simple by applying an external magnet, facilitates the reuse of the
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nanobiocatalyst. Moreover, the chitosan coating of the magnetic nanoparticles provides
their surface with new functional groups, such as primary amino and hydroxyl groups,
which enables enzyme immobilization [18,19]. Glutaraldehyde is widely used as a
crosslinking agent for the covalent immobilization of enzymes on nanocarriers rich in
primary groups on their surface, such as chitosan. This agent has the ability to directly
react with the primary amino groups of chitosan through the formation of Schiff bases and
subsequently attaching enzymes on these groups in high yields. Moreover, as it has been
reported [20], glutaraldehyde can cause enzyme attachment on primary hydroxyl groups
at lower yields under acidic conditions.

The aim of this work was the development of a robust bi-enzymatic nanobiocatalytic
system for the bioconversion of oleuropein to hydroxytyrosol. To this end, chitosan-coated
magnetic nanoparticles were synthesized and used as a carrier for the co-immobilization
of two enzymes, namely β-glucosidase from Thermotoga maritima (bgl) and lipase A from
Candida antarctica (CalA). The choice of bgl was based on its a key role in the cleavage of
the glycosidic bond of OLE [9], while CalA was chosen for its ability to modify a wide
range of substrates, including long-chain fatty acids or voluminous substrates due to its
peculiar structure [21]. The prepared bi-enzymatic nanobiocatalyst was characterized by
various spectroscopic techniques, such as Fourier-transform infrared spectroscopy (FTIR)
and fluorescence spectroscopy. Several parameters concerning the co-immobilization
procedure were optimized, while many techniques were applied for the characterization
of this bionanoconjugate with respect to its catalytic activity as well as its thermal and
operational stability. To the best of our knowledge, this is the first time that a bi-enzymatic
nanobiocatalyst consisting of β-glucosidase from Thermotoga maritima and lipase A from
Candida antarctica co-immobilized onto chitosan-coated magnetic nanoparticles is applied
for the efficient biotransformation of OLE to HT.

2. Results and Discussion
2.1. Synthesis and Characterization of the Chitosan Magnetic Nanoparticles

In the present study, iron magnetic nanoparticles (Fe3O4) functionalized with chitosan
were synthesized according to the ionic gelation method with sodium tripolyphosphate
(TPP) as the crosslinking agent [22,23]. Various methods were applied for the characteriza-
tion of the chitosan-coated magnetic nanoparticles, such as X-ray diffraction (XRD) and
atomic force microscopy (AFM). The successful preparation of the CS-MNPs was evidenced
with XRD (see Supplementary File, Figure S1), while their structural and morphological
characterization was revealed by AFM.

Atomic Force Microscopy (AFM)

The structure and the morphology of the prepared Fe3O4 chitosan nanoparticles was
revealed by atomic force microscopy (AFM). Representative AFM images of the hybrid
system deposited on Si-wafer by drop casting from aqueous dispersions are presented
in Figure 2, confirming the presence of spherical nanoparticles with a slightly disrupted
circular morphology (Figure 2a,d). In addition, the phase depiction of the Fe3O4 chitosan
nanoparticles as shown in Figure 2b is indicative of the creation of a chitosan shell around
the core of the magnetic nanoparticles. The size of the hybrid magnetic nanostructure as
evaluated by AFM cross-sectional images was close to 50 nm (Figure 2c).
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2.2. Preparation of the Bi-Enzymatic Magnetic Nanobiocatalyst

The hydrolytic enzymes bgl and CalA were covalently attached onto the surface
of chitosan-functionalized magnetic nanoparticles by employing glutaraldehyde as a
crosslinking agent. Several parameters affecting the co-immobilization yield such as the
crosslinker concentration, the ratio of CS-MNPs to total enzyme mass, the ratio between bgl
and CalA and the incubation time were examined and optimized. It has been reported that
glutaraldehyde can directly affect enzyme loading and activity recovery of the enzymes
after co-immobilization [20,24]. Therefore, the effect of glutaraldehyde concentration on
enzymes activity recovery was investigated in the range of 5–20% v/v, and the results
are presented in Figure 3a. The enzymes activity recovery was determined by measuring
the activity of the prepared nanobiocatalyst at different glutaraldehyde concentrations
through the enzymatic assay for each enzyme (as described in Section 3.2.5). As it can be
seen, at varying glutaraldehyde concentrations, the activity recovery of the enzymes was
affected, yielding a maximum activity recovery at 10% v/v crosslinker concentration (79%
for CalA and 76% for bgl). At higher or lower glutaraldehyde concentrations, the enzymatic
activities were slightly reduced, probably because lower crosslinker concentrations may
not be sufficient, while higher concentrations might cause conformational changes leading
to a loss of enzymatic activity. These results are in agreement with previously reported
studies [25,26], reporting that significantly low or high glutaraldehyde concentrations
lead to insufficient crosslinking of the enzymes, while enzyme activity recoveries tend to
increase with increasing crosslinker concentrations up to a maximum value.
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Subsequently, the effect of mass ratio of the nanocarrier to total enzyme content was
investigated. More specific, the glutaraldehyde concentration was retained at 10 v/v, while
the mass ratio of the nanocarrier to total enzyme content was ranged from 0.5:1 to 1:8 (w/w).
As shown in Figure 3b, the activity recovery of bgl does not seem to be strongly affected
at different ratios of the nanocarrier, while the activity recovery of CalA is significantly
affected by varying ratios, yielding in a maximum activity recovery (85%) at 1:8 mass ratio.
At lower mass ratios, sufficient surface area of the nanosupport to bind both enzymes
may not be available, while at higher ratios, phenomena such as enhanced immobilization
on the surface could be observed, consequently leading to steric hindrance amongst the
enzymes, as previously described [27–29].

The ratio of bgl to CalA was also investigated with respect to its effect on the activity
recovery. The ratio of bgl to CalA was tested in the range of 4:1 to 1:4, and the results are
depicted in Figure 3c. It seems that the activity recovery of bgl is not significantly affected
by the amount of CalA used for the co-immobilization process. However, the activity
recovery of CalA seems to be strongly affected by the amount of bgl, yielding a maximum
activity recovery (82%) at a mass ratio of 1:4, namely when the amount of bgl used for
the co-immobilization was four times lower than the amount of CalA. As it is illustrated
in Figure 3c, when the amount of bgl was higher than CalA, a low activity recovery was
observed for CalA, revealing possible competition effects between the two enzymes during
the co-immobilization process. Similar results have been reported for the co-immobilization
of cellulase and lysozyme on amino-functionalized magnetic nanoparticles [27], where the
ratio effects of cellulase to lysozyme on the activities recovery of co-immobilized enzymes
also revealed a competition between the two enzymes during co-immobilization.

Finally, the effect of incubation time on the activity recovery of the enzymes during co-
immobilization was examined, and the results are shown in Figure 3d. As it can be seen, the
activity recovery of both enzymes increased with increasing incubation time demonstrating
a maximum activity recovery after 5 h of incubation (bgl: 85% and CalA: 66%). Lower time
of incubation might not be sufficient for the attachment of enzymes onto MNPs. However,
at extended incubation times, a decline in activity recoveries was observed in a similar
manner as previously described [14,25], probably due to rigidification of enzymes that
probably affects their configuration, thus leading to abolish enzyme activity.

Based on the experimental data mentioned above, the optimized preparation condi-
tions for the bi-enzymatic magnetic nanobiocatalyst were: glutaraldehyde concentration,
10% v/v; mass ratio of CS-MNPs to enzyme content, 1:8; mass ratio of bgl to CalA, 1:3 and
incubation time, 5 h. Under these conditions, the maximum activity recoveries for both bgl
and CalA were 92.3% and 79.0%, respectively.

2.3. Characterization of the Bio-Nanoconjugates

In order to confirm the successful binding of the enzymes on the CS-MNPs, as well
as to investigate any structural changes on the nanomaterial’s surface after the anchoring
of the enzymes or possible interactions of the enzymes with the CS-MNPs, we applied
several spectroscopic techniques, such as Fourier-transform infrared spectroscopy (FTIR),
fluorescence spectroscopy and circular dichroism spectroscopy (CD).

2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The successful anchoring of bgl and CalA on the CS-MNPs was first confirmed by FTIR
spectroscopy. Figure 4 illustrates the FTIR spectra of the CS-MNPs and the co-immobilized
form of bgl and CalA. As it can be seen, the bands observed around 590 and 3400 cm−1

can be assigned to Fe-O deformation and O-H stretching vibration of water molecules
absorbed on the samples. The peak at 1083 cm−1, present in both spectra, can be attributed
to the C-O stretching vibration of glycosidic bonds [13], while the peak at 1640 cm−1 is
characteristic of the –NH2 bending vibration. Regarding the spectra of Fe3O4-chitosan-
bgl-CalA, two absorption bands of a typical protein spectrum are observed. The first
absorption around 1649 cm−1 is associated with the Amide I band, which corresponds to
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the C=O stretching vibrations of amide groups and C=N of imine groups and is directly
related to the backbone conformation of the protein [25]. For this reason, an increase in the
absorption around 1640–1649 cm−1 in the Fe3O4-chitosan-bgl-CalA spectrum is observed.
The second absorption around 1542 cm−1 is associated with the Amide II band of the
proteins, which can be referred to C-N stretching and N-H bending vibration of the amide
bond. These bands suggest the crosslink between chitosan and the two enzymes and thus
their successful immobilization on CS-MNPs [25].
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2.3.2. Circular Dichroism Spectroscopy (CD)

In order to investigate the conformational changes of bgl and CalA upon interaction
with CS-MNPs, circular dichroism spectroscopy was applied. As it can be seen in Table 1,
the interaction of both enzymes with CS-MNPs induces conformational changes that are
associated with a slight decrease in the α-helical content followed by an equal increase in
the β-sheet content. The increase in β-sheet content could be attributed to the hydrophobic
interactions between the enzymes and the CS-MNPs [30], while a loss in the α-helical
content has been associated with enzyme inactivation [31]. A slight decrease in the α-helical
content has been recently reported for a recombinant Bacillus subtilis lipase immobilized on
magnetic nanoparticles [32]. The changes in the secondary structure of CalA in the presence
of various carbon-based nanomaterials [30], as well as for the immobilized lipase from
Thermomyces lanuginosus on multiwalled carbon nanotubes [33], also reveal a decrease in the
α-helical content followed by the increase in the β-sheet content. However, another study
reported that the interaction of lipase B from Pseudozyma antarctica with magnetic porous
carbon nanomaterials [34] resulted in a slight increase in the α-helical content followed
by a decrease in the β-sheet content, indicating that different kinds of nanomaterials can
induce different conformational changes on protein structure.

A recently reported study highlighted the immobilization of bgl using Eudragit L-
100(polyacrylic resin) as a carrier. Circular dichroism studies revealed that the proportion
of α-helix and turning angle decreased after immobilization while β-sheet and randomness
increased [35], which is in good accordance with our results. The increase in β-sheet content
can be correlated with a more rigid structure which subsequently results in enhanced
stability that is also confirmed by the stability studies of immobilized bgl on CS-MNPs.
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Table 1. Estimation (%) of the secondary structure elements by CD spectra analysis of bgl and CalA
in aqueous solutions both in the absence and in the presence of 1.5 µg mL−1 CS-MNPs.

Sample α-Helix β-Sheet Other

bgl Buffer
CS-MNPs

28
25

19
23

53
52

CalA Buffer
CS-MNPs

32
31

17
22

51
47

2.3.3. Fluorescence Spectroscopy

Fluorescence spectroscopy is a widely applied technique for the confirmation of the
presence of enzymes on solid material [36–38]. The fluorescence emission spectra of free,
individually immobilized and co-immobilized form of bgl and CalA were recorded in
order to confirm the successful anchoring of the enzymes on the CS-MNPs. Excitation
wavelength was set at 280 nm, and the emission intensity was recorded in the range of
300–400 nm. The maximum emission wavelength of the free, individually immobilized and
co-immobilized form of both bgl and CalA was found at 320 nm. The fluorescence spectra
of CS-MNPs were also recorded at the same conditions, and no emission was observed in
the range of 300–400 nm. As it can be seen in Figure 5, in all cases, the fluorescence spectra
of bionanoconjugates reveal a maximum emission at 320 nm, which indicates the presence
of the enzymes and, therefore, their successful immobilization on the CS-MNPs.
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2.4. Thermal Stability of the Bi-Enzymatic Nanobiocatalyst

The thermal stability of enzymes consists of a crucial parameter especially when
considering their industrial applications [39]. In order to examine the thermal stability of
bgl and CalA in their free, individually immobilized or co-immobilized form, all samples
were incubated at 60 ◦C, in sodium phosphate buffer 50 mM, pH 7.0 for CalA and in
citrate phosphate buffer 100 mM, pH 6.5 for bgl. The individually immobilized form
refers to the nanobiocatalyst consisting of either bgl or CalA covalently attached on the
CS-MNPs, while the co-immobilized form refers to the hybrid nanobiocatalyst consisting
of both bgl and CalA covalently attached onto the surface of the CS-MNPs. Measurements
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of the residual activity were taken at standard time intervals, as shown in Figure 6, in
order to determine the half-life time of the enzymes, namely the time required for the
enzyme to lose 50% of its initial activity. Table 2 demonstrates that the half-life time of
CalA both in individually immobilized and co-immobilized form is significantly enhanced
by about 6.6 and 5.6 times, respectively. Similar results highlighting an enhancement
in thermal stability have been recently reported for the immobilization of CalA onto
chitosan-coated magnetic nanoparticles [13]. In case of bgl used in this work, a well-known
highly thermostable β-glucosidase [40], no significant decline in the residual activity was
observed for temperatures in the range of 60–90 ◦C after 24 h of incubation for all forms
(free, individually immobilized and co-immobilized) studied. Similar results have been
reported for the immobilization of bgl from Thermotoga maritima on porous carbon cuboids
nanoparticles [9] or for the co-immobilization of bgl on amino-functionalized magnetic
nanoparticles [26]. These results suggest that chitosan-coated magnetic nanoparticles could
be an ideal support for multienzyme immobilization leading to nanobiocatalysts with
improved thermostability against denaturation at high temperatures compared to their
native forms.
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in sodium phosphate buffer 50 mM, pH 7.0.

Table 2. Half-life times (h) at 60 ◦C for CalA in free, individually immobilized and co-immobilized
form (the standard deviation was less than 5% in all cases).

Sample Half-Life Time (h)

Free CalA 7.8

Co-immobilized CalA 44.2

Individually immobilized CalA 51.8

2.5. Kinetic Studies of Free, Individually Immobilized and Co-Immobilized Biocatalysts

In order to gain deeper insight into the affinity of each form of the two enzymes to
their respective substrates, we evaluated the intrinsic (for the free form of the enzymes)
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and apparent (for the individually immobilized and co-immobilized forms of the enzymes)
Michaelis constants [41]. Specifically, the determination of the enzyme kinetic constants (Km
and Vmax) of the free, individually immobilized or co-immobilized form of bgl and CalA
were calculated by the nonlinear regression fitting of the initial reaction rates, with respect
to varying pNPG and pNPB concentrations, respectively. As shown in Tables 3 and 4, the
apparent Km values of either individually or co-immobilized form of enzymes were higher
than that of their native forms in all the cases, while the apparent Vmax values decreased
after immobilization and co-immobilization. The increase in Km values followed by a
decrease in Vmax values is usually observed after immobilization. The increase in Km values
indicates that the affinity of enzymes toward their substrate declines after immobilization
that could be probably due to conformational changes that consecutively reduce/restrict
the diffusion of the respective substrates to the active site of the enzymes, indicating lower
enzymatic reaction rates. Similar results have been observed for the immobilization of β-
glucosidase from Thermotoga maritima on chitin-functionalized magnetic nanoparticles [42]
and for the co-immobilization of alcalase and trypsin on Fe3O4 magnetic nanoparticles
coated with chitosan-sodium tripolyphosphate [14].

Table 3. Intrinsic and apparent kinetic constants of free, individually immobilized and co-
immobilized form of bgl at 60 ◦C (the standard deviation was less than 5% in all cases).

Forms Km (mM) Vmax (µmol/min)

Free bgl 0.72 9.27

Co-immobilized bgl 0.85 5.60

Individually immobilized bgl 1.20 7.64

Table 4. Intrinsic and apparent kinetic constants of free, individually immobilized and co-
immobilized form of CalA at 60 ◦C (the standard deviation was less than 5% in all cases).

Forms Km (mM) Vmax (mol/min)

Free CalA 0.07 0.07

Co-immobilized CalA 0.17 0.04

Individually immobilized CalA 0.22 0.05

2.6. Application of the Bi-Enzymatic Nanobiocatalyst to the Bioconversion of Oleuropein to
Hydroxytyrosol

The developed bi-enzymatic nanobiocatalytic system was applied to the two-step
bioconversion of oleuropein to hydroxytyrosol. Specifically, as illustrated in Figure 1,
in the first step, β-glucosidase cleavages the glucosidic bond of oleuropein, producing
oleuropein algycon and glucose. In the following step, a lipase such as CalA can catalyze
the hydrolysis of oleuropein aglycone to elenolic acid and hydroxytyrosol. A variety of
different lipases were tested for their ability to hydrolyze the OLE ester bond where CalA
presented the highest conversion yield (see Supplementary File, Table S1). We applied
four different reaction systems and evaluated their reaction rates, the % conversion yield
of oleuropein (determined through HPLC analysis) and the amount of hydroxytyrosol
(mg mL−1) produced as shown in Table 5. In the case of individually immobilized bgl
or CalA, the conversion yield of oleuropein presented refers to either the cleavage of the
glucosidic bond of oleuropein or to the hydrolysis of the OLE ester bond, respectively. In
the case of co-immobilized biocatalyst or the simultaneous use of the two individually
immobilized biocatalysts in the reaction mixture, the oleuropein conversion yield could be
attributed to their synergistic action. High-pressure liquid chromatography (HPLC) was
employed for the identification and quantification of oleuropein and hydroxytyrosol, as
well as for the reaction progress monitoring. Nuclear magnetic resonance (NMR) was em-
ployed for the characterization of the products of the enzymatic hydrolysis of oleuropein,
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such as hydroxytyrosol, elenolic acid and glucose (see Supplementary File, Figure S2).
Figure 7 illustrates the reaction progress of the enzymatic hydrolysis of oleuropein cat-
alyzed by the bi-enzymatic magnetic complex. Table 5 depicts the initial reaction rates
of individually immobilized bgl and CalA and co-immobilized bgl-CalA system for the
hydrolysis of oleuropein and percentage conversion yield of oleuropein. As it can be seen
in Table 5, individually immobilized biocatalysts or their combination are characterized by
lower conversion rates than the co-immobilized magnetic nanobiocatalyst. Similar results
highlighting the superior catalytic activity of co-immobilized biocatalysts compared to
the individually immobilized ones have been reported by Sojitra and co-workers [28]. In
that work, a magnetic tri-enzyme nanobiocatalyst for fruit juice clarification was devel-
oped, suggesting that co-immobilization enables substrate channeling, thus leading to
higher reaction yields than the individually immobilized enzymes. Moreover, it should be
noted than even though both individually immobilized bgl and co-immobilized complex
presented a 100% conversion yield of oleuropein, the yield for hydroxytyrosol was signifi-
cantly lower in the case of individually immobilized bgl, suggesting that the combination
of the two enzymes is essential for achieving high hydroxytyrosol yields. Similar results,
suggesting a synergistic action of bgl and CalA have also been observed when the enzymes
were used in their free form (see Supplementary File, Table S2).

Table 5. Initial reaction rates of individually immobilized bgl and CalA and co-immobilized bgl-CalA for the hydrolysis of
oleuropein, percentage conversion yield of oleuropein and amount (mg mL−1) of hydroxytyrosol produced after 24 h of
incubation in citrate phosphate buffer 100 mM, pH 6.5 at 60 ◦C (the standard deviation was less than 5% in all cases).

Sample Initial Reaction Rate
(mM h−1 mg−1 Nanobiocatalyst)

% Conversion Yield
of Oleuropein

Hydroxytyrosol
(mg mL−1)

Individually immobilized bgl 0.038 100 0.150

Individually immobilized CalA 0.021 40 0.880

Individually immobilized bgl and CalA 0.032 90 1.210

Co-Immobilized bgl-CalA 0.046 100 2.000
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2.7. Reusability of the Bi-Enzymatic Nanobiocatalyst

Recycling of multienzymatic nanobiocatalysts is vital in terms of economic viability
especially when considering large-scale biocatalytic processes. In the present study, the
operational stability of the bi-enzymatic nanobiocatalyst was evaluated for 10 successive
reaction cycles of the bioconversion of oleuropein in a batch mode. Each reaction cycle
was carried out in citrate phosphate buffer 100 mM pH 6.5 at 60 ◦C for 24 h. After each
cycle, the nanobiocatalyst was separated through magnetization, washed twice with buffer
to remove substrate and product remains and then added to fresh oleuropein solution
in order to start a new reaction cycle. Figure 8 illustrates the residual activity of the
nanobiocatalyst after each cycle. The remaining hydrolytic activity of the magnetic co-
immobilized complex is up to 50% after 10 catalytic cycles, which equals about 240 h of
constant operation. Similar results have been reported for immobilized CalA onto chitosan-
coated magnetic nanoparticles, where the biocatalyst gave half of the initial conversion
after 7 reaction cycles [13] or for immobilized bgl from Thermotoga maritima on chitin-
functionalized magnetic nanoparticles where the nanobiocatalyst presented about 66% of
residual activity after 10 reaction cycles [42]. In the case of co-immobilized enzymes, the
conservation up to 75% of residual activity after eight consecutive cycles of a tri-enzyme
magnetic nanobiocatalyst [28] and the retention of up to 50% after 5 reaction cycles at 50 ◦C
for a four-enzyme magnetic co-immobilized complex have been reported [26]. Any loss in
activity could be attributed to conformational changes on the immobilized enzymes [9]
or mechanical damage of the biocatalyst during the recycling procedure [26]. Our results
are in good agreement with previously reported studies indicating that multienzyme
immobilization on magnetic nanosupports can lead to stable biocatalysts that can be
efficiently applied for bioconversions of biotechnological interest, such as the synthesis of
hydroxytyrosol from oleuropein.
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10 consecutive cycles. The biotransformation of oleuropein to hydroxytyrosol was carried in citrate
phosphate buffer 100 mM pH 6.5 at 60 ◦C for 24 h (the standard deviation was less than 5% in
all cases).
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3. Materials and Methods
3.1. Materials

β-Glucosidase (bgl) from Thermotoga maritima (85 units mg−1) was purchased from
Megazyme (Chicago, IL, USA) and was used with no further purification. Novozyme
735 (lipase A from Pseudozyma (Candida) antarctica, CalA) and Lipase B from Pseudozyma
(Candida) antarctica (CaLB) were generously provided by Novozymes (Bagsværd, Denmark).
Lipase from Thermomyces lanuginosus (Lipozyme, TLL, 100 L) was generously provided
from Novozymes. Lipase from Aspergillus oryzae (solution, ≥100,000 U/g), lipase from
Mucor miehei, (lyophilized powder, ≥4000 units/mg solid) and lipase from Candida antarc-
tica (lyophilized powder, 0.3 U/mg) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Glutaraldehyde solution (25% v/v in H2O), 4-nitrophenyl β-D-galactoside, (p-NPG,
≥98%), p-nitrophenyl butyrate (p-NPB), p-nitrophenol (p-NP), iron (II,III) oxide nanopow-
der, 50–100 nm particle size (SEM), 97% trace metals basis, sodium tripolyphosphate (TPP)
and chitosan from crab shells (low viscosity) were all purchased from Sigma-Aldrich
(St. Louis, MO, USA). Oleuropein was purchased from Biosynth Carbosynth (Sankt Gallen,
Switzerland). All the other chemicals and reagents were of analytical grade and pro-
cured from reliable sources. Milli-Q water was used for the preparation of all the buffers
and solutions.

3.2. Methods

All experiments were performed by triplicate, and the values are given as mean values
and experimental errors.

3.2.1. Functionalization of Iron Oxide Magnetic Nanoparticles (Fe3O4) with Chitosan
(CS-MNPs)

In a typical synthesis protocol, 8 mg of iron oxide magnetic nanoparticles (Fe3O4)
was dispersed in 0.96 mL CS solution (0.2% w/v). Figure 9 schematically represents the
functionalization of MNPs with chitosan. For the preparation of the chitosan solution 0.2 g
of CS powder was dissolved in 100 mL of 1% v/v acetic acid. Then, 0.32 mL of sodium
tripolyphosphate solution (1.5 mg mL−1) was added dropwise to the dispersion and mixed
under constant magnet stirring (1000 rpm) for 0.5 h at 25 ◦C. CS-MNPs were subsequently
gathered through magnetization (see Supplementary File, Figure S3) and washed thrice
with water and ethanol. Finally, the CS-MNPs were dried at 45 ◦C overnight for further use.
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3.2.2. Characterization of the Chitosan-Functionalized Magnetic Nanoparticles
XRD

The powder X-ray diffraction patterns were collected on a D8 Advanced Bruker
diffractometer (Bruker, Billerica, MA, USA) using CuKα (40 kV, 40 mA) radiation and a
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secondary beam graphite monochromator. The patterns were recorded in a 2-theta (2θ)
range from 2 to 80◦, in steps of 0.02◦ and counting time 2 s per step.

AFM

Atomic force microscopy (AFM) images were obtained in tapping mode with a Bruker
Multimode 3D Nanoscope (Ted Pella Inc., Redding, CA, USA) using a microfabricated
silicon cantilever type TAP-300G, with a tip radius of <10 nm and a force constant of
approximately 20–75 N m−1.

3.2.3. Preparation of Bi-Enzymatic Magnetic Nanobiocatalyst

CalA and bgl were covalently attached onto the surface of CS-MNPs employing
glutaraldehyde as crosslinker, which links the free NH2 groups present in chitosan with
the free amino groups of the enzymes. In a typical protocol, 24 mg of nanomaterial was
dispersed in sodium phosphate buffer (10 mL, 100 mM, pH 6.5) in the presence of 0.11 mL
Tween-20 (1% v/v), and the mixture was incubated in an ultrasonic bath for 30 min. After
30 min, the crosslinker glutaraldehyde (10% v/v) was added, and the mixture was allowed
to shake for 30 min under agitation at room temperature (30 ± 2). Thorough centrifugation
followed the removing of the glutaraldehyde excess. The activated nanoparticles were
redispersed in sodium phosphate buffer (10 mL, 100 mM, pH 6.5), and the enzyme cocktail
(total protein content of 3 mg) containing bgl and CalA (in a typical mass ratio of 1:3) was
added into the solution. Then, the mixture was incubated for 5 h with constant shaking
at 150 rpm. After crosslinking, the co-immobilized enzymes were separated with magnet,
washed thrice with sodium phosphate buffer (100 mM, pH 6.5) and stored at 4 ◦C. The
prepared nanobiocatalyst was used as magnetic bi-enzymatic nanobiocatalyst. Several
parameters of the co-immobilization procedure, such as the glutaraldehyde concentration
(5%, 10%, 15% and 20%), the incubation time (1 h, 3 h, 5 h and 20 h), the bgl to CalA
mass ratio (4:1, 3:1, 2:1, 1:1, 1:2, 1:3 and 1:4) and the total enzyme mass to CS-MNPs ratio
(0.5:1, 1:1, 1:2, 1:4, 1:6 and 1:8) were examined by one factor at a time in order to attain
the maximum activity recoveries of the two enzymes. The activities of enzymes were
expressed as activity recovery (%), which is determined as the percent activity of each
immobilized enzyme (U) divided by the total initial activity of each enzyme. CalA and bgl
were also immobilized separately (individually) onto CS-MNPs using glutaraldehyde as
the crosslinker. The immobilization percentage was determined by the Bradford assay [43]
through the difference of the protein concentration in the supernatant before and after the
immobilization. All experiments were carried out in triplicate.

3.2.4. Characterization of the Bi-Enzymatic Magnetic Nanobiocatalyst
Fourier-Transform Infrared Spectroscopy (FTIR)

The confirmation of the characteristic functional peaks of chitosan-functionalized
magnetic nanoparticles and bi-enzymatic nanobiocatalyst, was performed through a FTIR-
8400 infrared spectrometer (Shimadzu, Tokyo, Japan) equipped with a deuterated triglycine
sulfate (DTGS) detector. All spectra were recorded within the 400–4000 cm−1 range and on
average of 32 scans.

Circular Dichroism Spectroscopy (CD)

Circular dichroism measurements were performed on a Jasco J-1500 spectropolarime-
ter (Tokyo, Japan), equipped with a Peltier system for temperature control. A quartz
cell of 10 mm path length was used. All spectra were recorded at 25 ◦C, with a 2 nm
bandwidth of the incident light and a scan speed of 50 nm min−1. The baseline was
recorded and subtracted from the protein spectrum for every sample scanned. The pro-
tein concentration was 6 µg mL−1 for bgl in citrate phosphate buffer (5 mM, pH 6.5) and
5 µg mL−1 for CalA in phosphate buffer (5 mM, pH 7.5), according to the Beer-Lambert
equation. CS-MNPs were added at a final concentration of 1.5 µg mL−1 to minimize any
optical phenomena that lowered the signal-to-noise ratio. At least two scans were collected
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and averaged. Data obtained from CD were analyzed using the DICHROWEB website:
http://www.dichroweb.cryst.bbk.ac (Accessed on: 19 May 2020) [44,45].

Fluorescence Spectroscopy

All of the fluorescence measurements were taken at a luminescence spectrofluorometer
Jasco-8300 (Tokyo, Japan) by using a solid sample holder. Individually immobilized and
co-immobilized enzymes were used in aqueous solutions at concentrations of 1 mg mL−1,
while free bgl and CalA at concentrations of 0.45 µg mL−1 and 1 mg mL−1, respectively.
Samples were deposited onto silicon wafers (P/Bor, single-side polished) from aqueous
solutions by drop casting. The fluorescence emission spectra were recorded from 300 to
400 nm after exciting at 280 nm, with a scan speed of 100 nm min−1 at 25 ◦C. Slit widths
with a nominal band pass of 5 nm were used for both excitation and emission ray.

3.2.5. Enzyme Assays

The enzymatic assays of the free, individually immobilized and co-immobilized
β-glucosidase were performed on a UV-Vis spectrophotometer equipped with a Peltier
temperature controller (Shimadzu, Tokyo, Japan). The activity of bgl was determined by
using p-NPG as a substrate. Under optimum conditions, β-glucosidase hydrolyzes p-NPG
into p-NP (coloured product) and glucose. For the activity assay, 0.12 µg mL−1 of free
enzyme solution (or equivalent amount of individually immobilized and co-immobilized
bgl) was mixed with 2.0 mM p-NPG in 100 mM citrate phosphate buffer, pH 6.5 at 60 ◦C.
The reaction was followed by measuring the increase in absorbance of p-NP at 410 nm
spectrophotometrically. Absorption values are taken every minute for a total of five minutes
and were converted to p-NP concentration using the molar extinction coefficient of p-NP at
410 nm [46]. Enzymatic activity was estimated as the amount (µmoles) of p-NP transformed
per minute.

The enzymatic assays of the free, individually immobilized and co-immobilized CalA
were performed on a UV-Vis spectrophotometer equipped with a Peltier temperature
controller (Shimadzu, Tokyo, Japan). The activity of CalA was determined by the hydrol-
ysis of p-NPB as substrate. The released p-NP was quantified spectrophotometrically at
348 nm. For the activity assay, 0.08 µg/mL of free enzyme solution (or equivalent amount
of individually immobilized and co-immobilized CalA) was mixed with 0.5 mM p-NPB in
50 mM sodium phosphate buffer, pH 7.0 at 25 ◦C. The reaction was followed by measuring
the increase in absorbance of p-NP at 348 nm spectrophotometrically. Absorption values
are taken every minute for a total of 10 minutes and were converted to p-NP concentration
using the molar extinction coefficient of p-NP at 348 nm [13]. Enzymatic activity was esti-
mated as the amount (µmoles) of p-NP transformed per minute. The protein concentration
was measured by the Bradford method, and bovine serum albumin was used as reference.

3.2.6. Thermal Stability Studies

Thermal stability studies of the free, individually immobilized and co-immobilized
form of bgl and CalA were performed by incubating bgl in citrate phosphate buffer 100 mM,
pH 6.5 and CalA in 50 mM sodium phosphate buffer, pH 7.0 at 60 ◦C for 24 h. The hydrolytic
activity of bgl and CalA was determined at different time intervals through the hydrolysis
of either the p-NPG or p-NPB, respectively, as described above. All experiments were
carried out in triplicate.

3.2.7. Kinetic Studies of Free, Individually Immobilized and Co-Immobilized Biocatalysts

Intrinsic and apparent kinetic parameters (Km, Vmax) of the different forms of bgl and
CalA (free, individually immobilized and co-immobilized) were estimated through the
measurement of the initial reaction rates at varying concentrations of p-NPG and p-NPB,
respectively, at 60 ◦C as described above. The concentrations of p-NPG tested were: 0, 0.05,
0.1, 0.15, 0.25, 0.5, 1, 2, 5, 10 and 20 mM and for p-NPB the concentrations examined were:
0, 0.025, 0.05, 0.075, 0.1, 0.125, 0.25, 0.5, 0.75 and 1 mM. The Michaelis–Menten constant
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(Km) and maximum velocity (Vmax) were calculated from nonlinear regression fitting of the
initial reaction rates corresponding to different substrate concentrations by the EnzFitter
(Biosoft) software.

3.2.8. Hydrolysis of Oleuropein to Hydroxytyrosol by the Bi-Enzymatic Nanobiocatalyst
High-Performance Liquid Chromatography (HPLC) Analysis

The enzymatic hydrolysis of oleuropein was performed in citrate-phosphate buffer
100 mM, pH 6.5. In brief, 1 mg of the magnetic nanobiocatalyst was dispersed in 2 mg mL−1

solution of oleuropein (3.7 mM) in a final volume of 1 mL, which was followed by 24 h
incubation at 60 ◦C under agitation (1200 rpm). The nanobiocatalyst (1 mg mL−1) was
separated from the reaction mixture by using an external magnet, and the reaction mixture
was eluted with methanol (1:1 ratio) and filtered with 0.45 mm filters. The identification
and quantification of oleuropein and hydroxytyrosol were performed by high-performance
liquid chromatography (HPLC) (Shimadzu, Tokyo, Japan) using a µBondapack C18 column,
particle size 10 µm, length 300 mm, diameter 3.9 mm, and a diode array UV detector
as described in our previous work [9]. The mobile phase consisted of acetonitrile (A)
and 0.1% acetic acid in water (B). The elution conditions applied for solvent B were as
follows: 0–30 min 80–50%, 30–35 min 50% and 35–40 min 80%. The elution conditions
were performed at 27 ◦C with a flow rate of 1 mL min−1, and the samples were detected at
280 nm. The retention times of oleuropein and hydroxytyrosol were 20.16 min and 7.47 min,
respectively, while the retention time of the oleuropein aglycon products was in the range
of 20–23 min. The quantification and characterization of oleuropein and hydroxytyrosol
was based on standard compounds and calibration curves under the same conditions.

3.2.9. Nuclear Magnetic Resonance (NMR) Analysis

The characterization of the products hydroxytyrosol, elenolic acid and glucose in
the crude reaction mixture of the enzymatic hydrolysis of oleuropein by the bi-enzymatic
nanobiocatalytic system of co-immobilized bgl-CalA was performed through 1H-NMR
analysis. The enzymatic hydrolysis of oleuropein was performed directly in D2O solution
of citrate-phosphate buffer 100 mM, pH 6.5 in a final volume of 1 mL. In brief, 1 mg of the
magnetic nanobiocatalyst was dispersed in 2 mg mL−1 solution of oleuropein (3.7 mM)
in a final volume of 1 mL, which was followed by 24 h incubation at 60 ◦C under shaking
(1200 rpm). The nanobiocatalyst was separated from the reaction mixture with the use of
an external magnetic field, and the sample of the crude reaction mixture was transferred in
an NMR tube (5 mm). A Bruker 500 MHz AV spectrometer, equipped with a broadband
inverse probe (Bruker Biospin, Rheinstetten, Germany), was used to record the 1H-NMR
spectra at 25 ◦C, controlled by the software TopSpin 3.2. The 1H-NMR analysis of the
standard compounds oleuropein, hydroxytyrosol and glucose was also performed in D2O
solution of citrate-phosphate buffer 100 mM, pH 6.5.

3.2.10. Reusability Studies

The reusability of the bi-enzymatic nanobiocatalyst was determined through the
completion of consecutive operating cycles for the hydrolysis of 2 mg mL−1 oleuropein.
Each reaction cycle was carried out for 24 h at 60 ◦C under constant shaking (1200 rpm) in
citrate-phosphate buffer solution 100 mM, pH 6.5. After each cycle, the nanobiocatalyst
(1 mg mL−1) was separated from the reaction mixture with the use of a magnet and washed
efficiently with citrate-phosphate buffer solution 100 mM, pH 6.5, and then, it was re-
suspended in fresh substrate solution for the initiation of a new reaction cycle. The process
was repeated for 10 successive cycles. The activity of each enzyme after each cycle was
assessed by means of residual activity. The activity of the first cycle was considered to
be 100%.

4. Conclusions

In the present work, the simultaneous covalent co-immobilization of two hydrolytic
enzymes, namely β-glycosidase from Thermotoga mariritima and Lipase A from Candida
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antarctica, for the development of a robust bi-enzymatic nanobiocatalytic system was re-
ported. Chitosan-coated magnetic nanoparticles proved to be an ideal support for the
anchoring of the two enzymes leading to high-recovery activities after co-immobilization.
The developed nanobiocatalyst presented enhanced thermal stability at 60 ◦C and exhib-
ited high reaction yields during its successful use for the bioconversion of oleuropein to
hydroxytyrosol. In addition, due to the magnetic core of the CS-MNPs, the nanobiocatalyst
could be easily separated from the reaction mixture by applying an external magnetic
field, facilitating its reuse in the bioconversion of oleuropein, thus retaining more than
50% of its initial activity after 240 h of constant operation. The numerous advantages
of multienzyme co-immobilization such as shorter cycle times, elimination of reaction
byproducts and intermediates or reduction of diffusion losses promote atom economy, high
yield and efficiency of the total enzymatic process, endorsing that this method can provide
an efficient way to design efficient multienzymatic nanoassemblies for a wide range of
biocatalysts applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11060749/s1, Figure S1: X-ray powder diffraction (XRPD) patterns of (a) Fe3O4 and (b)
Fe3O4 chitosan nanoparticles; Table S1: Concentration of the released hydroxytyrosol through the
hydrolysis of oleuropein from lipases of different origin (the standard deviation was less than 5% in all
cases); Table S2: Concentration of the released hydroxytyrosol through the hydrolysis of oleuropein
through different combinations of the enzymes bgl and CalA (the standard deviation was less than
5% in all cases); Figure S2: Superposition of 1H-NMR spectra of (a) glucose, (b) hydroxytyrosol, (c)
oleuropein and (d) the reaction mixture of the enzymatic hydrolysis of oleuropein by the bi-enzymatic
nanobiocatalytic system of co-immobilized bgl-CalA, in citrate-phosphate buffer 100 mM, pH 6.5 in
D2O. In the inset (e), the structure of elenolic acid is illustrated; Figure S3: Magnetic separation of the
CS MNPs.
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