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Abstract: We report the preparation, characterization and application of a novel magnetic four-enzyme
nanobiocatalyst prepared by the simultaneous covalent co-immobilization of cellulase (CelDZ1),
-glucosidase (bgl), glucose oxidase (GOx) and horseradish peroxidase (HRP) onto the surface
of amino-functionalized magnetic nanoparticles (MNPs). This nanobiocatalyst was characterized
by various spectroscopic techniques. The co-immobilization process yielded maximum recovered
enzymatic activity (CelDZ1: 42%, bgl: 66%, GOx: 94% and HRP: 78%) at a 10% v/v cross-linker
concentration, after 2 h incubation time and at 1:1 mass ratio of MNPs to total enzyme content.
The immobilization process leads to an increase of Ky, and a decrease of Vi values of co-immobilized
enzymes. The thermal stability studies of the co-immobilized enzymes indicated up to 2-fold increase
in half-life time constants and up to 1.5-fold increase in their deactivation energies compared to
the native enzymes. The enhanced thermodynamic parameters of the four-enzyme co-immobilized
MNPs also suggested increment in their thermal stability. Furthermore, the co-immobilized enzymes
retained a significant part of their activity (up to 50%) after 5 reaction cycles at 50 °C and remained
active even after 24 d of incubation at 5 °C. The nanobiocatalyst was successfully applied in a four-step
cascade reaction involving the hydrolysis of cellulose.

Keywords: nanobiocatalysis; cascade reactions; multi-enzyme nanoparticles; co-immobilization;
cellulase; 3-glucosidase; glucose oxidase; horseradish peroxidase; cellulose hydrolysis

1. Introduction

Enzymes, widely employed as green catalysts, are versatile protein biomolecules with high
stereo- and regio-selectivity that catalyze numerous biochemical reactions of industrial importance.
They are preferred over conventional chemical catalysts due to their high turnover rates under mild
reaction conditions and the reduction of by-product formation [1]. Therefore, biocatalysis that relies on
enzymatic processes has rapidly gained considerable attention as a less toxic and eco-friendly approach.
Its tremendous applications include an expanded range of fields, such as the production of biofuels,
pharmaceuticals, foods, textiles and cosmetics [2]. However, enzymes in their free form are typically
unstable and may undergo denaturation under harsh reaction conditions, settling challenges in their
handling and separation. Moreover, most of the desired chemical reactions are composed of many
steps and cannot be effectively catalyzed by a single enzyme. Thus, several enzymes working together
in multi-step reactions or cascade processes are desired [3]. However, the development of robust
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multi-enzyme biocatalysts that exhibit high operational stability towards organic solvents or extreme
pH and temperature conditions, along with facile recoverability and reusability, remains challenging.

Multi-enzymatic cascade reactions, that is, the integration of several biocatalytic transformations
proceeding in a concurrent fashion, offer a wide range of opportunities and new paths to the synthesis
of high-added value products. Such systems could improve biocatalytic processes by saving time
and reducing waste, while being self-sufficient in terms of co-factor requirements [4-6]. Moreover,
multi-enzyme cascade biocatalytic systems could offer the possibility of mimicking metabolic pathways
of living cells by cascading multi-enzyme reactions or even the development of artificial metabolic
pathways that do not appear in nature [7]. Finally, as there is an increasing urgency for greener
and more sustainable alternative ways of producing chemicals and bioproducts, cascade reactions
can be a highly promising approach in this direction by eliminating short conventional step-by-step
synthesis [8,9].

Enzyme immobilization, namely the confinement of an enzyme on an insoluble matrix,
is considered a promising technique that can address recoverability and reusability issues and broaden
the industrial implementation of enzymes [10]. Moreover, the rapid growth of nanotechnology over
the last few decades has provided various nanomaterials, which have been utilized as potential
nanocarriers both in single and multi-enzyme immobilization [11-13]. Nanoparticles (NPs) exhibit
numerous advantages, such as high surface area-to-volume ratio and nanoscale size, that provides
them with excellent electronic, chemical, optical and physical properties as well as mechanical
stability [14,15]. Among the various available nanomaterials, magnetic nanoparticles (MNPs) hold
a prominent position due to their distinct characteristics [16]. These nanomatrices offer the great
advantage of easy separation from the reaction mixture just by the application of an external magnetic
field, thus overcoming recoverability and reusability issues so that the overall handling process is
notably facilitated. So far, several enzymes have been successfully immobilized onto various types of
magnetic nanoparticles [17-19] indicating favorable activity and stability.

Inspired by the cascade processes in nature, scientists have recently developed effective strategies in
order to artificially co-localize diverse enzymes on nanocarriers for the development of nanobiocatalytic
systems [20,21]. Multi-enzyme immobilization places several free enzymes in proximity, thus enabling
the substrate channeling effect that can remarkably reduce diffusion losses and accelerate the overall
cascade reaction rate [22-24]. So far, the successful simultaneous covalent co-immobilization of various
classes of enzymes, mainly hydrolases and oxidoreductases, on magnetic nanoparticles for the catalysis
of cascade reactions of biotechnological interest has been reported. These reactions involve, for example,
the synergistic hydrolysis of natural biopolymers, such as starch into high-added value products
or the development of biosensors for biomedical applications [17,18,25,26]. To date, the reported
multi-enzyme nanobiocatalytic systems reported consist of at least three enzymes.

In this study, we report, to the best of our knowledge, the first example of simultaneous covalent
co-immobilization of four enzymes, a cellulase (CelDZ1), a 3-glucosidase (bgl), a glucose oxidase
(GOx) and horseradish peroxidase (HRP) (Table 1), onto the surface of amino-functionalized magnetic
nanoparticles (MNPs) for the hydrolysis of cellulose through a four-step cascade reaction. Cellulose,
an abundant biopolymer, consists of several glucose units connected through (3-1, 4-glucosidic bonds.
Hence, its breakdown can lead to glucose, oligosaccharides or other intermediates of significant
importance, such as gluconic acid, offering new possibilities in its industrial exploitation. Under
optimal conditions, CelDZ1 hydrolyzes soluble cellulose (CMC) into simpler sugar molecules, such
as cellobiose, which can be subsequently hydrolyzed by bgl into glucose. The produced glucose
serves as a substrate for GOx that oxidizes it to gluconic acid and H,O;. Finally, the last step of the
cascade process involves the HRP-mediated reduction of H,O, to H,O in the presence of an electron
donor. So, the prepared magnetic nanobiocatalytic system herein could be established as a model
system for the study of cascade reactions of biotechnological interest in terms of kinetic behavior
or thermal stability. Maghemite iron nanoparticles (y-Fe,O3) functionalized with (3-Aminopropyl)
triethoxysilane (Aptes) were chosen as the carrier for the co-immobilization of the four enzymes of
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interest. For the preparation of the magnetic nanobiocatalyst several parameters were optimized,
including the glutaraldehyde cross-linker concentration, the incubation time and the mass ratio of
magnetic nanoparticles to total enzyme content. The resultant nanobiocatalyst was characterized by
various spectroscopic methods such as Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). Furthermore, we
evaluated the kinetic parameters (Vimax and Kin) and the thermal stability in terms of deactivation rate
constants (kq), half-life time constants (t;) and deactivation energy (E4). Moreover, we presented a
comprehensive analysis of the thermodynamic profile of the co-immobilized system. Additionally, we
examined the reusability of the four-enzyme magnetic nanobiocatalyst for five consecutive reaction
cycles and its storage stability for 24 d. Finally, the magnetic nanobiocatalyst was successfully applied
to a four-step cascade reaction involving the hydrolysis of cellulose and the conversion of glucose to
gluconic acid.

Table 1. Molecular mass (MM) and isoelectric point (pI) of the four enzymes employed for
co-immobilization onto the surface of amino-functionalized magnetic nanoparticles.

Enzyme M.M. (kDa) pI

Cellulase, CelDZ1, from a 1 57
Thermoanaerobacterium hot spring isolate [27] ’

-Glucosidase from Thermotoga maritima 53.7 6.0

Glucose oxidase from Aspergillus niger 160 42

Horseradish peroxidase 40 7.2

2. Results and Discussion

2.1. Synthesis and Characterization of the Magnetic Nanoparticles

For the preparation of the organophilic iron nanoparticles, a thermolysis method was used based
on the thermolytic decomposition of an iron chloride precursor, using oleylamine both as solvent and
capping agent. A first indication about the structure of the iron nanoparticles was gained from the XRD
pattern (Supplementary Materials Figure S1). The peaks appearing in the range of 20° and 80° can be
assigned to the crystallographic Miller planes (220), (311), (400), (422), (511), (440) indicative of y-Fe;O3
phase [19]. Moreover, in order to confirm the size of the magnetic nanoparticles, AFM height images
of the y-FepO3 nanoparticles deposited on a Si-wafer were collected (the micrographs are shown in
Figure S2, Supplementary Materials). Relatively isolated and uniform y-Fe,O3 nanoparticles without
aggregation can be observed. The average heights of the pristine nanoparticles range in the areas of
7-10 nm, as derived from the topographical height profile (section analysis).

2.2. Preparation of the Magnetic Four-Enzyme Nanobiocatalyst

CelDZ1, bgl, GOx and HRP (at a typical mass ratio of 1:1:1:3) were covalently attached onto
the surface of amino-functionalized magnetic nanoparticles employing glutaraldehyde to prevent
leaching of enzymes during the cascade reaction. The mass ratio for the co-immobilization of the four
enzymes was chosen based on preliminary results (data not shown), as well as on the immobilization
yield that each enzyme exhibited when immobilized individually (Table S1). Specifically, we varied
the mass ratio of CelDZ1, bgl, GOx and HRP from 1:1:1:1 to 1:1:1:3, respectively. It was indicated
that the use of excess HRP concentration during the immobilization process, enhanced the final step
of the studied cascade process, a result that is in accordance with other studies that reported that
the increase in the initial amount of HRP is essential in the development of robust bi-enzymatic
systems comprising of GOx and HRP [28,29]. Glutaraldehyde, acting as a bifunctional cross-linker,
reacts with the amino groups of both the enzymes and the MNPs, directly affecting enzyme loading,
activity recovery and operational stability of the prepared nanobiocatalyst [30]. Hence, the effect of
cross-linker concentration on the activity recovery of the enzymes was investigated (at 2 h incubation
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time and molar ratio 1:1 w/w MNPs-to-enzyme mass ratio mass ratio) and the results are presented
in Figure la. As it can be seen, enzyme activity recovery strongly depends on the glutaraldehyde
concentration and a maximum activity recovery for bgl, GOx and HRP (58%, 73% and 30% respectively)
was observed at 10% v/v cross-linker concentration, while for CelDZ1 (30%) it was observed at 15%
v/v, implying that the varieties of the enzymes can directly affect their recovery activities. At higher
or lower glutaraldehyde concentrations, the enzymatic activities were significantly reduced for all
the enzymes. Lower cross-linker concentrations may not be sufficient to bind all enzymes on MNPs,
while at higher concentrations, abundant covalent linkages might occur between all the molecules
interfering with the co-immobilization procedure and thus leading to a loss in enzymes’ activity. These
results are in agreement with previous studies [16,17,25] that also report that the activity recoveries
for all the enzymes participating in multi-enzyme nanobiocatalytic systems tend to increase with
increasing glutaraldehyde concentration. However, after reaching a maximum value, the activities
begin to decline with increasing glutaraldehyde concentration.

I ceiDZ1
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Figure 1. Effect of immobilization parameters on the activity recovery of the enzymes as a function

of: (a) cross-linker concentration, (b) immobilizing time and (c) magnetic nanoparticles-to-enzymes
mass ratio.

Incubation time is another critical parameter that affects the activity recovery of the enzymes
during the co-immobilization process. Figure 1b, shows that the activity recovery of all enzymes
increased with increasing incubation time (at 10% v/v glutaraldehyde concentration and at 1:1 w/w
MNPs-to-enzyme mass ratio mass ratio) demonstrating a maximum activity recovery after 2 h of
incubation (CelDZ1: 22%, bgl: 66%, GOx: 94% and HRP: 78%). Lower immobilizing time might not be
enough for all the enzymes to be bound onto MNPs. However, at extended incubation times, a decline
in activity recoveries was observed. This can be possibly attributed to the fact that glutaraldehyde
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might have caused rigidification of enzymes in the co-immobilized form, restricting their flexibility
and, thus, reducing their activities [17].

Moreover, in order to optimize the mass ratio of magnetic nanoparticles-to-enzyme content,
the activity recovery of all the enzymes was determined by varying the mass ratios of the
nanocarrier-to-enzyme cocktail from 0.5:1 to 2:1 (w/w). The glutaraldehyde concentration was
maintained at 10% /v and the incubation time was 2 h. As shown in Figure 1c, lower activities
were observed at the lowest mass ratio of 0.5:1 (w/w), probably due to the insufficient available surface
area of the nanocarrier to load all the enzymes, resulting in decreased activity recovery. Enzymes
reached their maximum activity recoveries at a mass ratio of 1:1 w/w (CelDZ1: 41%, bgl: 47%, GOx:
38% and HRP: 56%), while a further increase in the MNPs-to-enzyme mass ratio leads to lower
binding of the enzymes onto the nanocarrier probably due to enhanced immobilization on the surface,
consequently leading to steric hindrance amongst the enzymes [26]. Muley et al., who have previously
studied the co-immobilization of cellulase, pectinase and xylanase onto amino-functionalized magnetic
nanoparticles, also demonstrated that the ratio of MNPs to enzyme activity recoveries increased with
increasing ratio up to a maximum value and then declined [18].

Hence, based on the results presented above, the four-enzyme magnetic nanobiocatalyst was
prepared by cross-linking enzymes onto MNPs employing glutaraldehyde as cross-linking agent at
10% v/v concentration, incubation time of 2 h and at 1:1 mass ratio of MNPs-to-enzyme content. These
conditions resulted in maximum activity recoveries of CelDZ1, bgl, GOx and HRP (42%, 66%, 94% and
78% respectively).

2.3. Characterization of the Four-Enzyme Magnetic Nanobiocatalyst

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the prepared magnetic nanoparticles, in the form of amino-functionalized
magnetic nanoparticles and four-enzyme magnetic nanoparticles (Figure 2), were recorded in order
to confirm the functionalization of MNPs with Aptes and the successful anchoring of the enzymes.
A characteristic peak of the prepared y-Fe-Aptes, observed at 568 cm™! corresponds to the Fe-O
stretching vibrations [25]. The confirmation of the silica network on NPs after functionalization with
Aptes, can be attributed to the distinct peaks at 1040 and 1120 cm™~! corresponding to the Si-O-Si and
Si-O-H groups, respectively [16]. Moreover, the distinct peaks at 1393 and 1630 cm™! corresponding
to the Aptes C-H scissoring vibration and N-H stretching vibration, respectively, also confirm the
functionalization of the magnetic nanoparticles with Aptes. The peak at 2931 cm™!
-(CHy)n-group and arises from the Aptes C-H stretching. Finally, the absorption peak at 3400 cm™!
corresponds to the O-H stretching vibration [31-33].

The FTIR spectrum of the prepared y-Fe-Aptes-4-enzyme is additionally characterized by a sharp

corresponds to the

peak at 1540 cm™! attributed to the C-N stretching and N-H bending vibrations corresponding to the
Amide I band. Furthermore, the sharp peak at 1653 cm~! which is attributed to C = 0 stretching
vibrations of the enzymes and corresponds to Amide I band, verifies the anchoring of the four-enzyme
mixture on the MNPs. The successful binding of the enzymes can be also proved by the distinct
peak at 3280 cm~! corresponding to the N-H asymmetric stretching of the amine H-bonds or the O-H
vibrations [17].
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Figure 2. Fourier transform infrared (FTIR) spectra of amino functionalized magnetic nanoparticles
(black) and four-enzyme co-immobilized nanoparticles (red), showing their distinct peaks.

2.3.2. X-ray Photoelectron Spectroscopy (XPS)

In order to get deeper information concerning the co-immobilization of CelDZ1, bgl, GOx
and HRP onto the surface of the amino functionalized magnetic nanoparticles, as well the type of
interactions of these specific enzymes we employed XPS measurements. The Fe2p photoelectron
spectrum presented in Figure 3a reveals the existence of y-Fe,O3 nanoparticles, which is in good
agreement with the XRD patterns (Supplementary Materials, Figure S1). After the immobilization
of the enzymes we do not observe any significant shift of the Fe2p spectrum which is an evidence
of no strong interaction of the enzymes with the core of the Fe nanoparticles (Figure 3c). From the
C1s photoelectron spectra we collect data from the functionalization of Fe,O3 nanoparticles with
Aptes (Figure 3b), as well information after the 4-enzyme co-immobilization (Figure 3d). C1s of the
amino-functionalized magnetic nanoparticles reveals the different bonds of carbon such as C-5i from
the successful interaction of Aptes, the C-C and C-H bonds from the presence of Aptes, as well the
C-O and C-N bonds at 286.0 eV. We also observe at 287.3 eV bonds of carbon derived from epoxy
or carbonyl groups and carboxyl groups at 289.3 eV probably due to the functional carbon groups
of the magnetic nanoparticles (Figure 3b). After the co-immobilization procedure on the surface of
the amino-functionalized magnetic nanoparticles, the Cls spectra changes and this is because of the
existence of the four different enzymes interacting with the functionalized magnetic nanoparticles
as Figure 3d reveals. The successful covalent co-immobilization is demonstrated by the existence of
an amide peak at 287.9 eV representing 16.9% of the whole carbon amount [34]. Finally, from the
N1s photoelectron spectrum (Figure 3e) of the 4-enzyme magnetic nanobiocatalyst we receive three
photoelectron peaks. The first one centered at 398.0 eV is due to pyridinic N exist in the glucose
oxidase’s cofactor (flavin adenine dinucleotide, FAD) formation and representing 18.2% of the nitrogen
amount. The second peak is due to NH bonds (36.2%), while the peak at 401.0 eV is attributed to
the amide formation from the covalent functionalization as well from the amide groups of all the
participating enzymes [34].
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Figure 3. (a) Fe2p photoelectron spectra of amino functionalized magnetic nanoparticles (MNPs), (b)
Cl1s photoelectron spectra of amino functionalized MNPs, (c) Fe2p photoelectron spectra of the 4-enzyme
magnetic nanobiocatalyst, (d) C1s photoelectron spectra of the 4-enzyme magnetic nanobiocatalyst,
and (e) N1s photoelectron spectra of the 4-enzyme magnetic nanobiocatalyst.



Catalysts 2019, 9, 995 8 of 22

2.4. Thermal Stability Studies of Magnetic Four-Enzyme Nanobiocatalyst

In order to investigate the thermal stability of the free form (FF) and co-immobilized form (CIF)
of the enzymes CelDZ1, GOx and HRP, we incubated each form (in absence of respective substrate)
in sodium phosphate buffer in the range of 30 to 60 °C. For bg]l, it was chosen a temperature range
from 70 to 90 °C as it is considered a highly thermostable enzyme [35] and no significant decline in
residual activity was observed after 2 h of incubation up to 70 °C. Plots of residual activity [expressed
as In(A/A,)] against time were plotted as illustrated in Figure 4 in order to determine the deactivation
rate constants (kg) as well as the half-life time (t;;) at all studied temperatures for each enzyme,
both in free and co-immobilized form. The values for the half-life time (t;/2) at 50 °C for CelDZ1,
GOx and HRP and at 70 °C for bgl are summarized in Table 2 (the values for the half-life time at
all the other temperatures are more comprehensively represented on Tables 52-54, Supplementary
Materials). Results indicate that the thermal inactivation kinetics of all the enzymes, both in free
and co-immobilized form, presented gradual reduction in activity with increasing temperature at an
extended incubation period, showing linearity and thus suggesting that the inactivation rates follow
first-order kinetics [26].
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Figure 4. Thermal inactivation kinetics of free and co-immobilized (a) bgl, (b) GOx, (c) HRP and
(d) CelDZ1.

The thermal inactivation constant (kq) of the magnetic nanobiocatalyst in co-immobilized form,
as obtained from the semi-log plots of residual activity against time, was significantly lower than that
of free form at all studied temperatures. On the other hand, the t;;, values (on average, for CelDZ1:
2.0-fold, for bgl: 1.8- fold, for GOx: 1.3-fold and for HRP: 1.2-fold) was undoubtedly higher in the
co-immobilized form when compared to the free form of all the enzymes at all temperatures, indicating
enhanced thermal stability. The improved thermal stability after co-immobilization can be attributed to
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the strong covalent bonds between the amino groups present both on the surface of MNPs and enzymes
via cross-linking with glutaraldehyde that protects the catalytic conformations of enzymes, conserving
and stabilizing the structural conformation of the co-immobilized complex [18,36]. Increased t;;
values have been also observed for cellulases after co-immobilization on Au-doped magnetic silica
nanoparticles [25], as well as for cellulase, pectinase and xylanase after co-immobilization on magnetic
nanoparticles [18].

Table 2. Half- life times (t2) (at 50 °C for CelDZ1, GOx and horseradish peroxidase (HRP) and at 70
°C for bgl) and deactivation energies (Eq) for each enzyme both in free and co-immobilized form.

Enzyme ty2 (h) Eq4 (kJ/mol)
Free form of CelDZ1 25 25.7
Co-immobilized form of CelDZ1 5.0 30.1
Free form of bgl 12.8 57.5
Co-immobilized form of bgl 23.1 60.2
Free form of GOx 14.4 30.1
Co-immobilized form of GOx 19.2 47.7
Free form of HRP 24 64.1
Co-immobilized form of HRP 29 70.1

Deactivation energy (E4), another crucial parameter in determining the thermal stability of an
enzyme, refers to the energy required to dissociate its tertiary catalytic conformation [17]. It can be
calculated from the slope of the Arrhenius plot (Supplementary Materials, Figures S3-56) and it is
summarized in Table 2. As can be observed, at all studied temperatures, the difference in values
of deactivation energies between the free and co-immobilized form of CelDZ1, bgl, GOx and HRP
was estimated at 4.4 kJ/mol, 2.7 kJ/mol, 17.6 kJ/mol and 6.0 k]/mol, respectively. Higher deactivation
energy accounts for a highly thermostable catalyst. These results suggest the preparation of a stable
nanobiocatalyst that was less sensitive to temperature changes than native enzymes, thus requiring
higher energies to dissociate its structural conformation [37]. Therefore, both the support chosen for
the co-immobilization as well as the co-immobilization protocol seem to significantly improve the
thermal stability of each enzyme participating in the magnetic complex. Sojitra et al., who reported
the simultaneous covalent co-immobilization of x-amylase, pectinase and cellulase on magnetic
nanoparticles also demonstrated a significant increase in the difference of deactivation energy between
free and co-immobilized enzymes [17], clearly indicating the nanobiocatalyst’s enhanced thermal
stability against denaturation at high temperatures after co-immobilization.

2.5. Determination of Thermodynamic Parameters

The assessment of the thermodynamic parameters was based on the combination of deactivation
energy (E4) and Eyring’s transition state theory [17], in order to evaluate the thermodynamic profile of
the four-enzyme magnetic nanobiocatalyst. The results for the thermodynamic parameters, enthalpy
of activation (AH?), Gibbs free energy of denaturation (AG®) and entropy for activation (AS®), of free
and co-immobilized enzymes, are indicatively represented at 50 °C for CelDZ1, GOx and HRP and at
70 °C for bgl in Table 3 (a more comprehensive representation of the AH®, AG® and AS° values at all
studied temperatures can be found in Tables S5-57, see Supplementary Materials).

AH?®, a significant thermodynamic parameter, corresponds to the total amount of energy that is
needed for enzyme denaturation. Hence, high and positive values of AH® are associated with enhanced
thermostability during the inactivation process. According to our results, in all cases, the AH® values
declined steadily with an increase in temperature, revealing that a lower amount of energy was essential
to denature enzymes at higher temperatures. Moreover, the AH® values of the co-immobilized complex
were significantly higher compared to native enzymes, indicating that co-immobilization results in
higher thermostability [18,38]. Another thermodynamic parameter, AG®, estimates the spontaneity of
the thermal inactivation process, thus providing a measure of enzyme’s stability. High values of AG®
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reflect the ability of an enzyme to retain its stability against thermal inactivation, while a low value
of AG® accounts for a less stable biocatalyst that can easily undergo unfolding. The AG® values of
free and co-immobilized form of enzymes increased with elevated temperature. Moreover, the AG®
values of the four-enzyme magnetic complex were higher than that of the respective free enzymes,
revealing that the co-immobilization procedure onto the amino-functionalized magnetic nanoparticles
protects enzymes’ structure from denaturation. Finally, AS®, refers to the amount of energy per degree
required for the transition from a native state to a denatured one [39,40]. The AS° values seemed to be
slightly affected after co-immobilization when compared with the free form of the enzymes. Similar
results concerning the thermodynamic profile of co-immobilized enzymes have been reported by
Farrugia et al., who studied the co-immobilization of bgl, GOx and HRP on protein-polymer surfactant
self-standing films [41], as well as by Muley et al. who studied a co-immobilized magnetic complex
comprising cellulase, pectinase and xylanase [18].

Table 3. Thermodynamic parameters, AH®, AG® and AS® (at 50 °C for CelDZ1, GOx and HRP and at
70 °C for bgl) for each enzyme both in free and co-immobilized form.

Enzyme AH? (kJ/mol) AG?® (kJ/mol) AS° (J/mol/K)
Free form of CelDZ1 23.00 92.45 -215.01
Co-immobilized form of CelDZ1 27.47 94.25 -208.13
Free form of bgl 54.65 102.91 —140.69
Co-immobilized form of bgl 57.35 104.60 —-137.75
Free form of GOx 27.42 97.07 -215.63
Co-immobilized form of GOx 45.02 97.85 —163.56
Free form of HRP 61.42 92.27 —-95.51
Co-immobilized form of HRP 67.42 92.83 —78.66

2.6. Kinetic Parameters

Enzyme kinetic constants (K, and Viax) of the free, individually immobilized or co-immobilized
form of each enzyme were determined by measuring the initial reaction rates at varying respective
substrate concentrations. As shown in Table 4, the apparent Ky, values of either individually or
co-immobilized form of enzymes is higher than that of the free enzymes in all the cases that were
examined. Ky, values for CelDZ1 are expressed in terms of mass (mg mL™!) due to the natural
heterogeneity of the substrate, while for the other three enzymes, Ky, is expressed in terms of mM.
The increase in Ky, values indicates that the affinity of enzymes towards their substrate declines after
immobilization on magnetic nanoparticles. This phenomenon could be attributed to conformational
changes on the protein molecules after immobilization, that reduce their flexibility, restricting the
diffusion of the respective substrates to the active site of the enzymes. These results are in agreement
with previously reported studies [17,18,26,42]. Further, the apparent Vyax values, in all cases, were
significantly decreased after immobilization, indicating lower enzymatic reaction rates of the respective
substrates. This is probably arising from the reduction of active sites during the immobilization process
due to the rigidification of the biocatalyst by the glutaraldehyde cross-linker [17,42]. A similar increase
in Kpy, values with a significant decrease in Vi, values has been also reported for the co-immobilization
of cellulase, pectinase and xylanase on magnetic nanoparticles [18] and for the co-immobilization of
glucose oxidase and glucoamylase on a silver nanostructure [42].
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Table 4. Apparent kinetic constants of free, individually immobilized and co-immobilized form of

CelDZ1, bgl, GOx and HRP.

Forms Kmn Vmax (umol/min)

Free CelDZ1 6.09 +0.78 1.41 +£0.16

CelDZ1 in co-immobilized form 6.78 £0.21 0.40 +0.02

CelDZ1 in individually immobilized form 8.15 + 2.47 1.22 +0.28

Free bgl 0.25+0.01 37.54 + 0.56

bgl in co-immobilized form 0.36 = 0.05 9.46 + 0.26

bgl in individually immobilized form 0.46 + 0.04 2.36 + 0.06

Free GOx 1.72 £0.11 12.07 + 1.38

GOx in co-immobilized form 2.76 + 0.98 5.30+0.28

GOx in individually immobilized form 1193 +1.77 3.70+0.17

Free HRP 0.014 + 0.001 20.74 + 1.05

HRP in co-immobilized form 0.017 +£ 0.013 5.45 + 0.57

HRP in individually immobilized form 0.044 + 0.010 3.66 +0.21

2.7. Storage Stability Studies

The storage stability for each of the four enzymes in the co-immobilized magnetic complex was
studied for a total of 24 days during storage at 5 °C in an aqueous buffer solution (sodium phosphate
100 mM, pH 6.0). As shown in Figure 5, bgl and CelDZ1 retained more than 70% of their initial activity
after 24 days, while the residual activity of both GOx and HRP was found to be around 30% of their
initial activity. Other studies have also mentioned enhanced storage stability (up to 7 weeks during
storage at 4 °C) for individually immobilized GOx [43] and cellulase onto magnetic nanoparticles [44]
as well as for bgl immobilized on modified magnetic nanoparticles [45]. Increased storage stability
has also been reported for the co-immobilization of cellulase on magnetic nanoparticles, either with
x-amylase and pectinase or with pectinase and xylanase [17,18]. Hence, the increased storage stability
of the four-enzyme magnetic nanobiocatalyst could be possibly attributed to the covalent linkage of
enzymes onto the magnetic nanoparticles that protects the enzyme structure, preventing possible
distortion effects on their active centers during storage in buffer solution [17]. However, HRP seems to
be more sensitive to storage stability. This result is in agreement with a previous work [29], where the
low storage stability of a bienzymatic biocatalyst constituted by GOx and HRP was likely imputable to
HRP, whose immobilization is directly affected by many parameters [46], rather than the more robust
GOx enzyme. It is worth mentioning that the storage stability of all the free enzyme forms was 10%
lower than the co-immobilized enzymes, in the same conditions.
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Figure 5. Storage stability studies of the four enzymes co-immobilized onto Aptes-functionalized
MNPs during storage at 5 °C for 24 days. The activity of the first day was set to 100%.
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2.8. Reusability Studies

In order to render the industrial implementation of immobilized multi-enzymatic systems
viable, we should consider recycling of the immobilized nanobiocatalysts as a high priority [47]. So,
the reusability of the four-enzyme magnetic complex was evaluated for five successive reaction cycles
for hydrolysis of respective substrates of each enzyme in a batch mode (Figure 6). After each cycle,
the co-immobilized system was separated by the use of an external magnet (Supplementary data,
Figure S7), washed thrice with phosphate buffer (100 mM, pH 6.0) and added to fresh substrate
solution to start a new reaction cycle. As can be seen in Figure 6, the residual activity of the reused
multi-enzyme nanobiocatalyst decreased gradually after being repeatedly recycled for five consecutive
cycles. However, all the enzymes retained more than 20% of their initial activity. The decline in residual
activity could be attributed to many factors, such as the mechanical damage of the nanobiocatalyst
during the recycling procedure along with product inhibition [17,18]. Similar results have been
also reported for the immobilization of other cellulases onto magnetic nanoparticles [44], for the
co-immobilization of bgl and glucose isomerase onto stellate macroporous silica nanospheres [48], as
well as for the immobilization of GOx [49] and HRP [50] on magnetic nanoparticles.
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Figure 6. Reusability studies of the four-enzyme magnetic complex for five consecutive cycles. The
activity of the first cycle was set to 100%.

2.9. Use of the Multi-Enzyme Magnetic Nanobiocatalyst in a Four-Step Cascade Reaction

The catalytic performance of the prepared four-enzyme magnetic complex was assessed by its
effectiveness in conducting a multi-step chain reaction involving the hydrolysis of cellulose. CelDZ1
hydrolyzes carboxymethylcellulose (CMC) into simpler sugar molecules, such as cellobiose, which
can be subsequently hydrolyzed by bgl into glucose. The produced glucose serves in a next step as a
substrate for GOx that oxidizes it to gluconic acid and H,O,. Finally, the last step of the cascade process
involves the HRP-mediated reduction of H,O, to H,O in the presence of a chromogenic substrate,
2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), that turns into dark
green in its oxidized form [41] (Figure 7). The oxidized form of ABTS (ABTS") was confirmed by the
characteristic peaks in absorption bands firstly at 405 nm and at 730 nm (Figure 8a) only after a lag
time of 120 min. The absorption peak at 730 nm continued to increase after the 120 min interval, while
the color of the reaction in the test tube progressively turned from initially colorless to dark green
(Figure 8b), indicating that all the steps of the cascade reaction were successful. Spectra were taken in
the range of 400-800 nm over an extended period of time (6 h) at standard intervals to confirm the
oxidation of ABTS. A temperature increase from 40 °C to 50 °C resulted in enhanced rate of the cascade
reaction, as confirmed by the increment in absorption bands at 405 and 730 nm (Figure 8c). Finally,
it is worth mentioning that the nanobiocatalyst could be reused for consecutive reaction cycles for the
catalysis of the cascade reaction described above and its residual activity after five reaction cycles was
about 15%.
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Figure 7. A schematically represented four-step cascade reaction for the hydrolysis of cellulose. In the
first step, CelDZ1 hydrolyzes cellulose into cellobiose which further turns into glucose by bgl. The
third step of the cascade process involves the oxidation of glucose to gluconic acid and H,O,. Finally,
H,0; acts as substrate for the HRP which reduces it to HyO in the presence of ABTS that progressively

turns green.
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Figure 8. A cascade reaction catalyzed by the four-enzyme magnetic nanobiocatalyst for CMC
hydrolysis. (a) Normalized time-dependent UV-Vis spectra recorded on solutions containing the four-
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enzyme magnetic nanobiocatalyst, CMC and ABTS at 50 °C, showing increase in absorption peak at
730 nm (ABTS*) over an extended period of time (6 h), (b) Optical images showing aqueous mixture of
CMC and ABTS at various incubation times (t = 0, 60, 120, 180, 240 and 260 min) at 50 °C. The solution
turns progressively green as oxidized ABTS is released at the final stage of the cascade reaction and (c)
Time-dependent increase in absorption at 405 nm and 730 nm for the cascade reaction carried at 40 °C
and 50 °C.

3. Materials and Methods

3.1. Materials

CelDZ1, a GHS cellulase originally isolated from an Icelandic hot spring Thermoanaerobacterium
isolate was recombinantly produced in Escherichia coli, purified and lyophilized (74 Units mg™!)
as previously reported [27]. (-Glucosidase (bgl) from Thermotoga maritima (85 Units mg_l) was
purchased from Megazyme (Chicago, IL, USA) and was used with no further purification. Glucose
oxidase (GOx) from Aspergillus niger (135 Units mg~!) and Horseradish peroxidase (HRP) (148 Units
mg_l) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used with no further
purification. 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt, (ABTS, >98%
[HPLC]), glutaraldehyde solution (25% v/v in H,O), 3,5-dinitrosalicylic acid (DNSA), 4-nitrophenyl
p-D-galactoside, (p-NPG, >98% [TLC]), D(+)-Glucose anhydrous, carboxymethylcellulose sodium
salt (low viscosity, CMC) and (3-Aminopropyl)triethoxysilane (Aptes, 99%) were also purchased from
Sigma-Aldrich (St. Louis, MO, USA). All the other chemicals and reagents were of analytical grade
and procured 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. Cellulase Isolation, Purification and Lyophilization

CelDZ1 was produced recombinantly in E. coli cells and purified using imobilized metall affinity
chromatography (IMAC) as described thoroughly previously [27]. Briefly, E. coli BL21 (DE3) cells
carrying the recombinant plasmid pET-CelDZ1 were grown in selective LB broth. The overexpression
of celDZ1 was induced by the addition of isopropyl thio-3-D-galactoside (IPTG) followed by overnight
incubation. For CelDZ1 purification, the His-Tag Protein Purification Ni-NTA Agarose kit (QIAGEN)
was used. Following optimization of the manufacturer’s protocol, cells from an overnight culture
were harvested, washed, re-suspended in equilibration buffer NPI10 (50 mM NaH,POy, 300 mM
NaCl, 10 mM imidazole) and lysed by brief sonication steps on ice. The cell extract was clarified
by centrifugation and the supernatant was incubated at 60 °C for 1 h to denature non-thermostable
host proteins. The heat-treated extract was centrifuged again and the supernatant containing the
recombinant protein was incubated under mild shaking with Ni-NTA agarose beads. The mixture
was then loaded onto a polypropylene column, the flow-through was discarded and the column was
washed with NPI20 wash buffer (50 mM NaH,PO,4, 300 mM NaCl, 20 mM imidazole). CelDZ1 was
eluted using NPI200 elution buffer (50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole). Imidazole
and buffer salts were removed from the protein preparation using an Amicon® Ultra Centrifugal Filter
with a 30,000 molecular weight cutoff. The IMAC elution was loaded on the filter and washed with
double distilled water in several centrifugation rounds. The purified protein was visualized by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (data not shown) and lyophilized.
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3.2.2. Synthesis of Magnetic Nanoparticles

In a typical synthesis, 1 g [Fe (Chloride tetrahydrate)] were dispersed in 80 mL oleylamine at
80 °C for 30 min, under continuous magnetic stirring. When the mixture became a clear solution, the
temperature was raised to 250 °C for 1 h. Then, the reaction mixture was allowed to cool to room
temperature. The iron nanoparticles (y-Fe,O3z) were washed and centrifuged three times (6000 rpm,
10 min); the first one with 50 mL ethanol and then with a (10:1 y/v) ethanol:chloroform solution in
order to remove the oleylamine and obtain pristine magnetic nanoparticles. The last centrifugation
was conducted with ethanol and the precipitate was collected and left to dry at room temperature.

3.2.3. Synthesis of Amino Functionalized Magnetic Nanoparticles

A solution of 0.4 g Aptes in 1 mL of dry chloroform was added to a suspension of 70 mg y-Fe,O3
in 16 mL of dry toluene. The suspension of magnetic nanoparticles in toluene was sonicated for 15 min
in order to avoid aggregation. Then, the final mixture was refluxed for 72 h at 100 °C. The solid
was filtered and washed by dry chloroform (6000 rpm, 10 min) and dried in vacuum. A Schematic
representation of the final functionalized nanoparticle is displayed in the following Figure 9.

Figure 9. Schematic representation of amino-functionalized magnetic nanoparticles.

3.2.4. Characterization of the Amino-Functionalized Magnetic Nanoparticles

X-ray Diffraction (XRD)

XRD patterns were collected on a D8 Avance Bruker diffractometer by using Cu Ka radiation
(40 kV, 40 mA) and a secondary beam graphite monochromator.

Atomic Force Microscopy (AFM)

To confirm the size of the y-Fe,O3 nanoparticles, atomic force microscopy (AFM) images were
collected in tapping mode with a Bruker Multimode 3D Nanoscope (Ted Pella Inc., Redding, CA, USA)
using a micro fabricated silicon cantilever type TAP-300G, with a tip radius of <10 nm and a force
constant of approximately 20-75 N m~!.

3.2.5. Preparation of Four-Enzyme Magnetic Nanobiocatalyst

CelDZ1, bgl, GOx and HRP were covalently co-immobilized onto the surface of amino-
functionalized magnetic nanoparticles (MNPs) employing the glutaraldehyde cross-linking agent,
which links the NH, groups of the nanomaterials with the free amino groups of the enzymes [30,51].
In a typical procedure, 15 mg of nanomaterial were dispersed in sodium phosphate buffer (20 mL,
100 mM, pH 6.0) in the presence of 0.36 mL Tween-20 (1% v/v) and the mixture was incubated in an
ultrasonic bath for 30 min. After 30 min, the cross-linker glutaraldehyde (10% v/v) was added and
the mixture was allowed to shake for 30 min under stirring at room temperature (30 + 2). Thorough
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centrifugation followed for removing the glutaraldehyde excess. The activated nanoparticles were
re-dispersed in sodium phosphate buffer (10 mL, 100 mM, pH 6.0) and the enzyme cocktail (total
protein content of 15 mg) containing CelDZ1, bgl, GOx and HRP (in a typical mass ratio of 1:1:1:3) was
added into the solution. Then the mixture was incubated for 2 h with constant shaking at 150 rpm.
After cross-linking, the co-immobilized enzymes were separated with magnet, washed thrice with
sodium phosphate buffer (100 mM, pH 6.0), to remove any physical adsorbed amount of protein and
stored at 4 °C. The prepared nanobiocatalyst was used as magnetic four-enzyme nanobiocatalyst.
In order to attain the maximum activity recoveries of all the enzymes we examined several parameters
of the immobilization procedure, such as the glutaraldehyde concentration (2.5%, 5%, 10%, 15% and
20%), the incubation time (1 h, 2 h, 4 h and 20 h) and the mass ratio of MNPs to protein content (0.5:1,
1:1 and 2:1) by one factor at a time. 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. Also, CelDZ1, bgl, GOx and HRP were immobilized separately (individually)
onto amino-functionalized magnetic nanoparticles using glutaraldehyde as the cross-linker. The
immobilization percentage was determined by the Bradford assay [52] through the difference of the
protein concentration in the supernatant before and after the immobilization. All experiments were
carried out in triplicate.

3.2.6. Characterization of the Four-Enzyme Magnetic Nanobiocatalyst

Fourier-Transform Infrared Spectroscopy (FTIR)

In order to confirm the characteristic functional peaks of amino functionalized magnetic
nanoparticles and four-enzyme co-immobilized magnetic nanoparticles a FTIR-8400 infrared
spectrometer (Shimadzu, Tokyo, Japan) equipped with a deuterated triglycine sulfate (DTGS) detector
was used. All spectra were recorded within 400-4.000 cm~! range and on average of 32 scans.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were performed in ultrahigh vacuum at a
base pressure of 2 x 1071° mbar with a SPECS GmbH spectrometer equipped with a monochromatic
MgKa source (hv = 1253.6 eV) and a Phoibos-100 hemispherical analyzer (SPECSGROUP, Berlin,
Germany). The spectra were collected in normal emission and energy resolution was set to 1.16 eV
to minimize measuring time. Spectral analysis included a Shirley background subtraction and a
peak deconvolution employing mixed Gaussian-Lorentzian functions, in a least squares curve-fitting
program (WinSpec) developed at the Laboratoire Interdisciplinaire de Spectroscopie Electronique,
University of Namur, Belgium.

3.2.7. Enzyme Assays

Enzymatic activities of the free, individually immobilized and co-immobilized CelDZ1
were determined by the amount of reducing sugars released from soluble cellulose (CMC) by
3,5-dinitrosalicylic acid (DNS) method [53]. Briefly, 3 pg/mL of native enzyme (or equivalent amount
of individually immobilized or co-immobilized CelDZ1) was added to a soluble cellulose solution
(1% w/v in 100 mM sodium acetate buffer, pH 5.0) in a test tube and the mixture was incubated at
50 °C for 15 min. In a following step, an equal volume of DNSA was added to terminate the reaction
and then the reaction mixture was boiled for 5 min. Then the samples were collected, diluted with
distilled water and cooled in an ice bath. The released reducing sugar (estimated as glucose) was
measured spectrophotometrically at 540 nm (Shimadzu, Tokyo, Japan). One unit of cellulase activity
was defined as the amount of the enzyme required for releasing one pmole of reducing sugars (glucose)
at optimum conditions.

The enzymatic assays of the other three enzymes (bgl, GOx and HRP) in free, individually
immobilized or co-immobilized form were performed on a UV-Vis spectrophotometer equipped with a
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Peltier temperature controller (Shimadzu, Tokyo, Japan). The activity of 3-glucosidase was estimated
by using p-NPG as a substrate. Under optimum conditions, 3-glucosidase hydrolyzes p-NPG into
p-NP (colored product) and glucose. For the activity assay, 0.12 ug/mL 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 50 °C. The reaction was followed by measuring
the increase in absorbance of p-NP at 410 nm using a UV/Vis spectrophotometer (Shimadzu, Tokyo,
Japan). Absorption values are taken every one 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 [54]. Enzymatic activity
was estimated as the amount (pmoles) of p-NP transformed per minute.

HRP utilizes hydrogen peroxide to convert chromogenic substrates (e.g., ABTS). Hence, the study
of horseradish peroxidase activity is based on the oxidation reaction of ABTS to ABTS™. The increase
in absorbance of ABTS" is measured at 405 nm. Briefly, 0.5 mM ABTS are mixed with 0.1 mM
hydrogen peroxide and 0.4 pug/mL of free enzyme solution (or equivalent amount of individually
immobilized and co-immobilized HRP) to a final total volume of 1 mL supplemented with 100 mM
sodium phosphate buffer, pH 6.0. Absorbance values are taken every one minute for a total of 10 min
and were converted to ABTS concentration using the molar extinction coefficient of oxidized ABTS
at 405 nm [55]. Enzymatic activity was determined as the amount (umoles) of ABTS transformed
per minute.

The study of glucose oxidase activity is based on its coupling reaction with the horseradish
peroxidase enzyme. Specifically, GOx utilizes D-glucose as a substrate converting it to D-glucono-
S-lactone and hydrogen peroxide. HRP then uses hydrogen peroxide to convert ABTS to ABTS*. The
reaction is followed by measuring the increase in absorbance of ABTS* at 405 nm. Absorption values
are taken every one minute for a total of five minutes. Briefly, 0.5 ug/mL of free enzyme solution (or
equivalent amount of individually immobilized and co-immobilized GOx) is mixed with 250 mM
glucose solution, 0.4 mM ABTS and 0.3 ug/mL HRP. Enzymatic activity was determined as the amount
(umoles) of ABTS transformed per min.

3.2.8. Thermal Inactivation Kinetics Studies

Thermal stability of CelDZ1, bgl, GOx and HRP in free and co-immobilized form was studied by
incubating in the temperature range of 3060 °C for celDZ1 and GOx, 30-50 °C for HRP as it is rapidly
inactivated at temperatures over 50 °C and 70-90 °C for bgl as it is considered a highly thermostable
enzyme [35]. The samples were collected at standard minute intervals for a total of 120 min, cooled
quickly and then assayed for the respective enzyme activities as described above. A semi-log plot of
residual activity of each enzyme against time was plotted to determine the slope as the inactivation
rate constant (kq). The half-life (t;/,) is the time required to reduce the activity to 50% of the original
activity and was evaluated as:

tip = 0.693/kq 1

Further, activation energy for deactivation (Eq) of the free and immobilized form of enzymes was
determined from the slope of In(kq) versus 1/T [T corresponds to the absolute temperature (K)] from
the Arrhenius plots as:

Slope = -E4/R, 2)
where R corresponds to the gas constant (R = 8.314 J/mol/K).

3.2.9. Determination of Thermodynamic Parameters

The changes in the thermodynamic behavior after heat treatment of the four enzymes before and
after co-immobilization were evaluated by Eyring’s transition state theory. The enthalpy for activation
(AH®) was determined by the following equation:

AH° = E4 — RT, 3)
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where R corresponds to the gas constant (R = 8.314 J/mol/K) and T to the absolute temperature (K). The
free energy for activation (AG®) was determined as:

AG® = —RT In(kg/kg x h/T), @)

where kg represents the Boltzman constant (kg = 1.38 x 1072 J/K), while h corresponds to Planck’s
constant (h = 11.04 X 1073* ] min). Finally, the entropy for activation (AS°) was calculated by the
difference between AH® and AG® divided by the absolute temperature (K) as:

AS° = (AH® — AG®)/T. (5)

3.2.10. Determination of Michaelis-Menten Kinetic Parameters

The kinetic parameters (Km, Vmax) of free, individually immobilized and co-immobilized form of
CelDZ1, bgl, GOx and HRP were determined by measuring the initial reaction rates for each form by
varying concentrations of CMC, p-NPG, glucose and H,O, respectively at 50 °C as described above.
The concentrations of CMC, p-NPG, glucose and H,O, were ranged from 0.1 to 3.5% w/v, 0.05 to
15 mM, 1 to 25 mM and 0.015 to 0.275 mM, respectively. HRP assays were carried out in the presence of
3 mM ABTS, while GOx was assayed in the presence of 2.5 mM ABTS. The Michaelis-Menten constant
(Km) and maximum velocity (Vmax) were calculated from non-linear regression fitting of the initial
reaction rates corresponding to different substrate concentrations by the EnzFitter (Biosoft) software.

3.2.11. Reusability Studies

The reaction was carried out for the specified time at 50 °C and activity was measured by using
the respective substrates (CMC, p-NPG, glucose and H,O,). After each reaction cycle, the four-enzyme
nanobiocatalyst was separated using an external magnetic field, washed thoroughly with sodium
phosphate buffer (100 mM, pH 6.0) and re-suspended in fresh substrate solution to start a new reaction
cycle. The process was repeated for five consecutive cycles. The activity of each enzyme after each
cycle was estimated in terms of residual activity by considering the activity of the first cycle to be 100%.

3.2.12. Storage Stability Studies

The storage stability of the co-immobilized form of the enzymes was estimated during storage at
5 °C. The activity of each sample was evaluated after different day intervals for a total of 24 days. The
activity of each enzyme after standard day intervals was estimated in terms of residual activity using
respective assay by considering the activity of the first day to be 100%.

3.2.13. Application of the Magnetic Nanobiocatalyst for Cellulose Hydrolysis in a Four-Step
Cascade Reaction

The catalytic performance of the magnetic four-enzyme nanobiocatalyst was estimated with
regard to a four-step cascade reaction involving the CelDZ1-mediated hydrolysis of soluble cellulose
(CMC) to cellobiose that was consecutively hydrolyzed by bgl to D-glucose. D-glucose was successively
oxidized by GOx to gluconic acid and HyO,, followed by reduction of HyO, to H,O by HRP in the
presence of an electron donor (ABTS). Briefly, 0.3 mg/mL of the magnetic nanobiocatalyst were added
into 1% w/v CMC solution containing 3 mM ABTS in 100 mM sodium phosphate buffer, pH 6.0 at
50 °C. The initially colorless substrate solution gradually turned green due to oxidation of ABTS and
formation of the corresponding radical cation. The reaction was followed by measuring the increase in
absorbance at 730 nm (ABTS™) at a UV-Vis photometer equipped with a Peltier temperature controller
(Shimadzu, Tokyo, Japan).
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4. Conclusions

In the present work, we have shown for the first time that the simultaneous covalent
co-immobilization of four enzymes onto magnetic nanoparticles can lead to the development of robust
nanoassemblies able to conduct multi-step cascade reactions. The prepared nanobiocatalyst was able
to catalyze the hydrolysis of cellulose to glucose along with a simple, direct and continuous monitoring
of the reaction progress. Amino-functionalized magnetic nanoparticles proved to be an effective
platform for the four-enzyme biocatalyst produced by the co-immobilization of CelDZ1, bgl, GOx and
HRP. Although the co-immobilization process leads to some loss in enzymatic activities, the resultant
nanobiocatalyst exhibited enhanced thermal stability and higher AH®, AG® and AS°® values than the
native enzymes over a wide range of incubation temperatures. Moreover, the ease of manipulating
magnetic biocatalysts with the use of an external magnetic field can overcome commonplace obstacles
concerning their handling and separation. The highly efficient concerted mechanisms of cascade
reactions, characterized by selectivity, absence of hazardous chemicals, low energy and no need toisolate
the reaction intermediates, endorse that co-immobilization of multiple enzymes onto nanosupports
can provide an efficient way to design in vitro multi-enzymatic nanoassemblies for cascade reactions.
Based on this work, we anticipate that future work will be directed towards the development of
innovative multi-enzymatic systems for a wide range of biocatalysts applications.
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50 and 60 °C; Table S5: Thermodynamic parameters of free and co-immobilized bgl at 70, 80 and 90 °C; Table
S6: Thermodynamic parameters of free and co-immobilized HRP at 30, 40 and 50 °C; Table S7: Thermodynamic
parameters of free and co-immobilized cellulase and GOx at 40, 50 and 60 °C; Figure S1: XRD patterns of
maghemite y-Fe,O3 nanoparticles obtained by thermolysis method; Figure S2: AFM height image (a) and cross
section analysis (b) of y-Fe,O3 magnetic nanoparticles; Figure S3: Arrhenius plot for the inactivation of free
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