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Abstract: In this study combined cross-linked aggregates of catalase from bovine liver and

glucose-oxidase from Aspergillus niger were prepared, and the effects of the precipitant and crosslinking

agents, as well as the use of bovine serum albumin (BSA) as a feeder protein, on enzyme immobilization

yield and thermal stability of both enzymes, were evaluated. Combi- crosslinking of enzyme aggregates

(CLEAs) prepared using dimethoxyethane as precipitant, 25 mM glutaraldehyde and BSA/enzymes

mass ratio of 5.45 (w/w), exhibited the highest enzyme activities and stabilities at 40 ◦C, pH 6.0,

and 250 rpm for 5 h. The stability of both immobilized enzymes was fairly similar, eliminating

one of the problems of enzyme coimmobilization. Combi-CLEAs were used in gluconic acid (GA)

production in a bubble column reactor operated at 40 ◦C, pH 6.0 and 10 vvm of aeration, using 26 g L−1

glucose as the substrate. Results showed conversion of around 96% and a reaction course very similar

to the same process using free enzymes. The operational half-life was 34 h, determined from kinetic

profiles and the first order inactivation model. Combi-CLEAs of glucose-oxidase and catalase were

shown to be a robust biocatalyst for applications in the production of gluconic acid from glucose.
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1. Introduction

Gluconic acid (GA) is a multifunctional carboxylic acid with a low corrosive capacity which

presents good complexation with metal ions. This allows GA and its salts (calcium, sodium or

potassium gluconates) to be widely used in the food, pharmaceutical and textile industries [1–3].

The production of gluconic acid from sucrose or glucose using a multi-enzyme system (soluble or

immobilized invertase, glucose oxidase and catalase) has been evaluated as an alternative to the

traditional fermentation processes [4–6]. Glucose oxidase (GOD;β-d-glucose: oxygen-1-oxidoreductase,

EC 1.1.3.4) is able to catalyze GA production [7–10] through a Bi-Bi Ping-Pong kinetic bisubstrate

mechanism [11]. GOD catalyzes the oxidation of β-d-glucose to β-d-glucolactone, using molecular
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oxygen as the electron acceptor. β-d-glucolactone is further spontaneously (or catalyzed by

gluconolactonase) hydrolyzed to gluconic acid. The GOD catalysis requires the coenzyme flavin adenine

dinucleotide (FAD), which accepts hydrogen, forming FADH2, which is sequentially regenerated to

FAD, releasing hydrogen peroxide. Hydrogen peroxide is an enzyme-inactivating reagent [12] and it is

convenient to remove it from the reaction medium. In fact, Godjevargova et al. [13] reported a GOD

activity reduction of around 80% in the presence of 200 mM hydrogen peroxide. The decomposition of

hydrogen peroxide by enzymes is quite convenient, avoiding any side-reaction [12]. The decomposition

of hydrogen peroxide to water and oxygen can be catalyzed by catalases (CAT; E.C.1.11.1.6) [4,7,13,14].

The use in a cascade reaction of a mixture of several enzymes, including those involved in the

different steps of the process, limits the accumulation of intermediates, allowing process intensification

and elimination or simplification of the purification step [15–19].

Godjevargova et al. [5] proposed the production of GA through glucose oxidation using an ion

exchange membrane reactor where GOD and CAT were coimmobilized. They obtained a glucose

conversion at 26 ◦C and pH 6.0 of about 98% and a productivity of 0.18 g L−1 h−1, using 1 g L−1

glucose. Silva et al. [6] produced GA continually from 32 g L−1 sucrose using soluble invertase,

GOD and CAT confined in a membrane reactor, obtaining around 85% sucrose conversion at 37 ◦C

and pH 4.5. Mafra et al. [4] reported a soluble multi-enzyme system composed of invertase, GOD and

CAT for the production of GA from 50 g L−1 sucrose at 40 ◦C and pH 6.0, which allowed a glucose

conversion rate of 100% and GA productivity of around 7.0 g L−1 h−1. Cui et al. [20] reported the

crosslinking of GOD and CAT with genipin to catalyze the production of GA from 15% (w/v) glucose

at 35 ◦C. The authors reported a glucose conversion of 100% after a 15 h reaction, reaching a GA

productivity of 10.89 g L−1 h−1. Zhao et al. [21] co-immobilized GOD and CAT on silica inverse opals

prepared using the sol-gel process. They used the biocatalyst to remove glucose from commercial

isomaltooligosaccharides at 35.2 ◦C and pH 7.05, reaching a glucose conversion of 98.97% after 9.39 h

reaction. Cui et al. [22] reported the production of GA from glucose (100–300 g L−1) at 35 ◦C and pH

5.8 using a multi-enzyme system of GOD and CAT self-assembled in a bioreactor with air addition at

800 mL min−1. Their reaction system allowed productivities from 5.78 to 5.88 g L−1 h−1 to be achieved.

The oxygen transfer rate is a key parameter in this kind of reaction, thus an efficient supplement and

mass transfer of oxygen can be achieved using a suitable bioreactor, for example, airlift or bubble

column bioreactors [4,7,23–28]. Besides, the use of a co-immobilized multi-enzyme system composed of

GOD and CAT could be kinetically advantageous, because CAT releases oxygen which allows a better

saturation of the GOD by this substrate [20,22,29]. Moreover, the elimination of hydrogen peroxide

avoids GOD inactivation [13,20,29]. In addition, the use of the multi-enzyme system in an immobilized

form may contribute to reduced operational costs when the combined biocatalyst is thermally and

mechanically stable. Then, the biocatalyst can be recovered and reused in batch processes or used for a

longer time in continuous processes [15].

The crosslinking of enzyme aggregates (CLEAs) is a simple way to immobilize enzymes. It is

based on the non-denaturing precipitation of the enzyme molecules and their further crosslinking with

bifunctional reagents, not requiring the previous purification of the enzyme preparation [30–34]. It has

even been proposed as a simple method for the preparation of co-immobilized enzymes [16,35–38].

The use of this immobilization technology requires conditions that permit the aggregation of all

involved enzymes in an active form; it is easier than to find a pre-existing support and immobilization

method that may be compatible for both enzymes. The main problem that remains is that the half-life of

the least stable enzyme determines the half-life of the whole combi-biocatalyst [39,40]. The preparation

of CLEAs may encounter some problems. One relatively frequent problem when using substrates that

permit high enzyme activity is the promotion of strong substrate diffusional limitations, which reduces

the activity of the biocatalysts. In this case, this problem will be only relevant to the glucose substrate

and the enzyme GOD, as hydrogen peroxide will be generated in situ and that way CAT will be able to

work at full saturation from the first steps of the reaction [18]. Another likely problem is when one

enzyme is poor in Lys groups, and intermolecular crosslinking of the enzyme aggregate is difficult.
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This may be solved using a feeder protein or an aminated polymer, or by chemically aminating

the enzyme [14,41–53]. The feeders also reduce the enzyme volumetric load, and as a consequence,

the substrate diffusional problems. On the other hand, they also reduce the specific activity of the

whole immobilized biocatalyst, because these feeders are not catalytically active [43].

This work is focused on the preparation of combi-CLEAs of GOD from Aspergillus niger and CAT

from bovine liver and their application in gluconic acid production from glucose in a bubble column

reactor with a 0.5 L working volume. The system was equipped with sterilizable electrodes for the

monitoring of pH and dissolved oxygen concentrations, as well as a system for automatic control of

temperature, pH, and inlet air flow rate. Both enzymes were multimeric (GOD is a dimeric protein with

a molecular weight of 160 kDa [54] and CAT is a tetramer with each subunit with molecular weight

of 60–65 kDa [55]), and immobilization using CLEAs was expected to prevent subunit dissociation,

as previously described for laccase [56], bovine liver catalase [14,57] and penicillin G acylase [58,59].

However, to the best of our knowledge, this is the first work concerning the co-immobilization of GOD

and CAT using the CLEA technique.

Thus, the combi-CLEAs were prepared by co-precipitation and crosslinking of GOD and CAT.

Bovine serum albumin (BSA) was used as the feeder protein to enhance activity and stability.

The effects of precipitant agents (organic solvents and inorganic salts), and concentrations of

glutaraldehyde and feeder protein (BSA) on the activities of each individual enzyme were investigated.

Additionally, the stability of soluble and immobilized enzymes was studied at 40 ◦C and pH 6.0.

The reusability of combi-CLEAs for GA production was also evaluated.

2. Results and Discussion

2.1. Selection of Conditions for Preparing GOD-CAT Combi-CLEAs

Different variables were analyzed to determine the best conditions for preparing GOD-CAT

combi-CLEAs: precipitant agent, concentrations of glutaraldehyde, and feeder protein (BSA).

Combi-CLEA evaluation was based on the expressed activity of the individual activities of the

glucose-oxidase (GOD) and catalase (CAT) enzymes.

2.1.1. Selection of the Precipitant Agent

Different agents were tested to co-precipitate 10 mg mL−1 of GOD with 1 mg mL−1 of CAT:

dimethoxyethane (DME), tert-butyl alcohol (TBA) or saturated ammonium sulfate solution (AS) as

described in the Methods section. After precipitation, the aggregates were centrifuged, the supernatants

were removed and the precipitates were re-dissolved in 100 mM of sodium phosphate buffer at pH

7.0, and the CAT and GOD activities were determined. Table 1 shows that precipitation using DME

yielded 98.3 and 87.6% of the initial activity of GOD and CAT after re-dissolution of the precipitated

enzymes, respectively. Mafra et al. [14] evaluated different reagents for precipitation of bovine liver

catalase and received very similar results in the case of CAT to those obtained in this paper.

Table 1. Effect of the precipitant agent on the activities of glucose-oxidase (GOD) and catalase (CAT)

after re-dissolving the precipitate.

Precipitant
GOD Activity in the

Re-Dissolved Precipitate (%)
CAT Activity in the

Re-Dissolved Precipitate (%)

Dimethoxyethane 98.3 ± 9.3 87.6 ± 8.6
Tert-butyl alcohol 80.6 ± 7.1 77.4 ± 6.9

Saturated ammonium sulfate solution 5.6 ± 0.9 90.2 ± 9.1
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2.1.2. Selection of Crosslinking Conditions

Following previous results, CAT/GOD combi-CLEAs were prepared by precipitation with DME

and crosslinked with different glutaraldehyde (GLU) concentrations (ranging from 25 to 200 mM).

GOD and CAT activities were evaluated as shown in Figure 1a,b.

Figure 1. Immobilization yield of (a) GOD and (b) CAT in the combi- crosslinking of enzyme aggregates

(CLEAs) in the presence and absence of bovine serum albumin (BSA) as feeder protein (white columns);

recovered activities of the GOD in the combi-CLEAs after 5 h at 40 ◦C and pH 6.0 (gray columns).

Activities of both GOD and CAT in combi-CLEAs increased with increasing GLU concentration,

with the maximum activity (505.9± 45.5 and 3806.6± 342.4 U mL−1, respectively) obtained at 50 mM GLU

concentration, corresponding to 42.3 and 48.4% of the initial activities, respectively (Tables A1 and A2).

For both enzymes, a further increase in the GLU concentration produces a decrease in the observed

activity. This activity reduction could be attributed to an excessive enzyme modification [59–61].
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Additionally, this reduction in the CLEA activity may also be caused by an increase in the substrate

diffusional limitations if the crosslinking did reduce the size of the pores [14,59,60,62].

2.1.3. Study of BSA as a Protein Feeder on the Preparation of GOD/CAT Combi-CLEAs

It has been reported that co-aggregation with BSA may improve the stability of CLEAs by favoring

a more efficient crosslinking of the enzyme molecules [42,59,63–66] and also a higher activity by

reducing diffusional limitations [14,66]. Therefore, the use of BSA was evaluated in the preparation of

the CAT/GOD combi-CLEAs (Figure 1a,b and Tables A1 and A2).

In general, the addition of BSA increased the activities of GOD and CAT observed compared to those

of the combi-CLEAs without BSA, in agreement with previous reports [14,56,59,63]. When re-optimizing

the glutaraldehyde concentration, it was found to be dependent on the BSA concentration. In general,

the increase in the concentration of glutaraldehyde caused a decrease in the immobilization yield for both

enzymes. The best results on recovered activity in the combi-CLEAs (847.7± 76.3 and 6329.2 ± 547.5 U/mL

for GOD and CAT, respectively) were obtained using a glutaraldehyde concentration of 25 mM and 60 mg

BSA for both enzymes, which corresponds to a BSA/enzymes ratio (w/w) of 5.45.

2.1.4. Thermo-Stability of Combi-CLEAs

Stability assays were carried out using all the combi-CLEAs and soluble enzymes. The different

biocatalysts were incubated at pH 6.0, 40 ◦C, and stirred at 250 rpm for 5 h (Figure 1a,b, gray bars).

As shown in Figure 1a (gray bars) and Table A1, the GOD residual activities of both enzymes (activities

after the stability assay when BSA was added to the Combi-CLEAs) were 3- to 5-times higher compared

to the CLEAs without BSA, irrespective of the glutaraldehyde concentration used. Figure 1a,b show

that 60 mg of BSA and 25 mM of glutaraldehyde enabled to prepare a combi-CLEA of GOD/CAT

with the highest residual activities after the inactivation assay (retaining more than 50% and 60%

of GOD and CAT activities, respectively). Therefore, this biocatalyst was further used, as it also

yielded the highest observed activity. Moreover, as both enzymes presented similar stability, the other

problem of enzyme coimmobilization (very different stability of the coimmobilized enzymes) may be

discarded [19,39,40]. That way, as CLEAs are compatible with both enzymes, giving optimal values for

both enzymes under similar conditions and similar stability, this strategy seems very convenient in

preparing combi-biocatalysts of these enzymes.

2.1.5. Surface Morphology and Size Particle Characterization

Scanning electron microscopy (SEM) showed a very uniform structure of the aggregates (Figure A1).

The Feret’s statistical geometric diameters were calculated using microscopy images (Olympus BX60

microscope, Olympus Co., Tokyo, Japan) and Image-Pro® Plus software (Version 7.0 for Windows,

Media Cybernetics, Inc., Bethesda, MD, USA). The histogram of particle size distribution using step

size of 10 µm (Figure A2) showed that most of the particles of GOD/CAT combi-CLEAs had a diameter

up to 10 µm.

2.2. GA Production

The conversion of glucose to gluconic acid obtained in the first batch was around 96% (Figure 2),

with a GA productivity of 5.46 ± 0.04 g L−1 h−1, which is of the same order of magnitude as the highest

productivities (5.78–10.89 g L−1 h−1) previously reported for enzymatic bioconversion of glucose to GA

using combined GOD/CAT (Table 2).
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Figure 2. Reuse assays of gluconic acid production from 26 g L−1 glucose solution (0.1 L) catalyzed by

the GOD/CAT combi-CLEAs (105 and 12 mg of GOD and CAT in the combi-CLEA, corresponding to

7336.15 and 57433.85 U/g glucose, respectively) in a bubble column reactor kept at constant 40 ◦C and

pH 6.0. Values are expressed as mean of duplicate assays ± s.d.

Table 2. Productivity of gluconic acid catalyzed by GOD/CAT immobilized using different methods.

Immobilized Catalyst Bioreactor
Reaction

Conditions

Glucose
Conversion

(%)

GA
Productivity
(g L−1 h−1)

Reference

GOD/CAT self-assembled (GOD
and CAT matrix via

supramolecular recognition of
β-cyclodextrin (grafted GOD) and

adamantine (grafted CAT))

Pneumatic with
addition of 800
mL min−1 air

35 ◦C, pH 5.8,
100–300 g L−1

glucose, 10–26 h
100 5.78–5.88 [22]

GOD/CAT crosslinked with
genipin

Batch
bioreactor

35 ◦C, pH 7.0, 150 g
L−1 glucose, 15 h

100 10.89 [20]

GOD/CAT co-immobilized on
glutaraldehyde modified porous

amino resin

Pneumatic with
at 12 L min−1

air flow rate

35 ◦C, pH 6.0, 100 g
L−1 glucose, 12 h

95 8.62 [29]

GOD and fine palladium particles
entrapped within calcium alginate

beads

Three different
airlift reactors

30 ◦C, pH 6.0, 3.4 g
L−1 glucose, 2.0–4.5 h

100 ~0.8–1.6 [7]

GOD immobilized on
anion-exchange membrane

Membrane
pH 4.5–5.5, 1.0 g L−1

glucose, 6.7 h
90 0.13 [67]

GOD/CAT immobilized on an
acrylonitrile copolymer
membrane adjacent to

anion-exchange membrane

Membrane
26 ◦C, pH 6.0, 1 g L−1

glucose, 6.0 h
98 0.18 [5]

GOD/CAT combi-CLEA, 1st batch
Bubble column

reactor
40 ◦C, pH 6.0, 26 g

L−1 glucose, 5 h
96 5.42

Present
work

GOD/CAT combi-CLEA, after
11th batch (1st batch plus 10

reuses)

Bubble column
reactor

40 ◦C, pH 6.0, 26 g
L−1 glucose, 5 h

45 2.56
Present
work

2.3. Reusability

The reusability of Combi-CLEAs was evaluated in 5-h cycles, with one cycle run per day (over a

total of 10 days), as shown in Figure 2. After each cycle, the combi-CLEAs were separated from the

reaction medium by decantation and the medium was removed by pumping. The reaction conversion

of each batch was well-maintained (>70%) up to seven cycles, even with the probable loss of enzyme

by leaching or very low thermal inactivation at the reaction conditions (40 ◦C and pH 6.0). These were
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the conditions where we analyzed the thermal stability of the enzyme; it looks that the presence of

glucose has some positive effects on the GOD stability.

Calculating the biocatalyst productivity after seven cycles, the GA volumetric productivity

remained very high (4.0 g L−1 h−1), but decreasing around 2-fold after eleven cycles (Table 2).

2.4. Operational Half-Life

Half-life of the biocatalyst is a parameter related with the economic feasibility of the bioprocess [68].

In classical experiments of measurement of activity decay vs. time, CLEAs can appear to be more

stable due to mass transfer limitations [34]. To avoid such misinterpretation, Talekar et al. [34] suggest

the evaluation of productivity (units/kg of the product).

Therefore, we have chosen to evaluate the combi-CLEA in several aspects regarding stability:

activity after stability test (Figure 1), gluconic acid productivity and reusability (Figure 2) and

half-life. For the evaluation of the operational enzyme half-life, the Michaelis-Menten integrated

model, combined with the first order equation of enzyme inactivation (Equation (5)), was fitted to the

experimental data of consumption of glucose versus time for all batches of gluconic acid production

from glucose (eleven batches of 5 h in the reuse assay), as shown in Figure 3. Apparent global

parameters of Km and kcat, were calculated, since there were two reactions occurring simultaneously

during gluconic acid production. The values of apparent kinetic parameters (Km,app and kcat,app) are

presented in Table 3. This fit also yielded a first order inactivation constant (kd) of 0.0204 ± 0.0008 h−1,

which allowed an estimation of half-life during operation for around 34 h at pH 6.0 and 40 ◦C.

Figure 3. Gluconic acid production from glucose (26 g L−1) in a bubble column reactor kept at 40 ◦C

and pH 6.0. The curves represent the Michaelis-Menten integrated model combined to the first order

equation of enzyme inactivation (Equation (5)) fitted to the experimental data of reuse of GOD/CAT

combi-CLEA (Km,app = 65.8 ± 18.5 mM and kcat,app = 9.82·± 1.25 × 103 h−1, kd = 0.0204 ± 0.0008 h−1).

Table 3. Kinetic parameters of an integrated Michaelis-Menten model fitted to the experimental data of

oxidation of glucose to gluconic acid catalyzed by soluble and immobilized GOD/CAT.

GOD/CAT Km,app (mM) kcat,app (h−1) 1 kcat,app/Km,app R2

Soluble 51.1 ± 13.4 (1.16·± 0.12) × 104 227.0 0.95

Combi-CLEAs 65.8 ± 18.5 (9.82 ± 1.25) × 103 149.2 0.90

1 For this experiment, 87.98 mg of soluble GOD and 105 mg of GOD in the combi-CLEAs were used. The molecular
weight of GOD is 160 kDa.

For comparison purposes, the kinetic parameters of soluble GOD were also estimated. The classical

Michaelis-Menten model (Equation (3)) was fitted to the experimental data of consumption of glucose

versus time catalyzed by a mixture of soluble GOD/CAT (Figure 4) at 40 ◦C and pH 6.0. The values of

the kinetic parameters are presented in Table 3.
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Figure 4. Gluconic acid production from glucose (26 g L−1) in a bubble column reactor kept at 40 ◦C

and pH 6.0. The curves represent the Michaelis-Menten (Equations (3) or (5)) fitted to the experimental

data of soluble and immobilized GOD/CAT using the apparent kinetic parameters presented in Table 3.

Km,app values of GOD in soluble and GOD/CAT combi-CLEAs from the same order of magnitude

(51.1 and 65.8 mM, respectively) could indicate the absence of significant conformational changes in

the tridimensional structure of the immobilized enzymes or the existence of high substrate diffusion

limitations. Besides, the apparent turnover number (kcat,app) obtained for the GOD/CAT combi-CLEAs

was very close to the free enzyme mixture (84.6% of kcat,app of soluble GOD/CAT). The specificity

constants (kcat/Km) [69] of GOD in soluble mixture and GOD/CAT combi-CLEAs were 227.0 and

149.2 mM−1 h−1, respectively, indicating a reduction in the GOD catalytic efficiency of around 34%

after its immobilization.

3. Material and Methods

3.1. Material

GOD from Aspergillus niger (EC 1.1.3.4) was donated by Granotec (Araucária, PR, Brazil),

CAT from bovine liver (EC 1.11.1.6) and BSA were obtained from Sigma-Aldrich (St. Louis, MO,

USA). Dimethoxyethane (99.5%, DME) was from Fluka (St. Louis, MO, USA), tert-butyl alcohol (>99%,

TBA) and ammonium sulfate salt (≥99%, AS) were purposed from Vetec (Duque de Caxias, RJ, Brazil),

and glutaraldehyde, as a 25% (w/v) aqueous solution, anhydrous glucose (P.A.) and hydrogen peroxide

(min. 29%, P.A.) were from Synth (Diadema, SP, Brazil). Other reagents were of analytical grade.

All experiments were performed in triplicate and values are given as mean value and experimental

error. OriginPro 8 (Version 8.0724, OriginLab Corporation, Northampton, MA, USA) was used to

construct the Figures 1, 2, 4 and A2 (right), and Scilab (Version 6.0.2, ESI Group, Paris, France) was

used to fit the mathematical models to the experimental data and construct the Figure 3.

3.2. GOD and CAT Activity Assays

Activities of soluble and immobilized GOD preparations were determined by oxygen consumption

in the oxidation of 55 mM glucose in 50 mM sodium phosphate solution pH 6.0 at 30 ◦C.

The activities of soluble and immobilized CAT were determined by oxygen production in the

hydrolysis of 55 mM hydrogen peroxide in 50 mM sodium phosphate at pH 6.0 and 30 ◦C.

A volume of 1 mL of a solution of GOD/CAT or 2 mL of a suspension of combi-CLEAs was added to

200 mL of substrate in a stirred and thermostatically controlled reactor. The concentration of dissolved

oxygen was measured over time by means of a sterilizable amperometric electrode (Model InPro

6800, Mettler Toledo, Greifensee, Switzerland) bearing a Teflon membrane (Model InProT96, Mettler

Toledo, Greifensee, Switzerland) [70]. Air was bubbled at the base of the reactor through a thin draft
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tube. The oxygen concentration was recorded by a data acquisition system (O2 Transmitter 4500,

Mettler Toledo, Greifensee, Switzerland), at 1-second intervals for 3 min. The initial rate of oxygen

decomposition was calculated from the slope of the oxygen concentration plotted against the time

curve. The oxygen saturation in the medium was considered 6.61 mg L−1.

GOD and CAT units were defined as the amount of enzyme that catalyzes the decomposition or

production of 1 µmol of O2 per minute, respectively.

3.3. Protein Concentration

Protein concentration was spectrophotometrically (750 nm) determined using the method reported

by Lowry [71], using bovine serum albumin (BSA) as the protein standard.

3.4. Combi-CLEA Preparation

One milliliter of dimethoxyethane, tert-butyl alcohol or saturated ammonium sulfate was slowly

added in 1 mL of a solution containing 10 mg of GOD and 1 mg of CAT in 100 mM sodium phosphate

at pH 7.0 in an ice-cold bath. The suspensions were placed in Eppendorf tubes and stirred at

3000 rpm in a vortex mixer (QL 901, BiomiXer, Brazil) for 1 min. In some cases, BSA was added to

the enzyme solution at concentrations of 15, 30 or 60 mg mL−1 before the addition of the precipitant.

Then, the aggregation/precipitation process was left to proceed for 3 h at 4 ◦C and 200 rpm stirring

in a shaker incubator (SL 221, Solab, Piracicaba, SP, Brazil). In some instances, the suspensions were

centrifuged at 10,000× g for 10 min at 4 ◦C (5810R, Eppendorf Centrifuge, Eppendorf, Hamburg,

Germany), the supernatant was removed, and the precipitate was re-dissolved in 2 mL of 100 mM

sodium phosphate at pH 7.0 for activity measurement and determination of the precipitation yield.

In other instances, glutaraldehyde was slowly added to the suspension to reach the desired final

concentrations (25, 50, 100 or 200 mM). After 3 h of reaction with glutaraldehyde at 4 ◦C under continuous

stirring at 200 rpm in a shaker incubator (SL 221, Solab, Piracicaba, SP, Brazil), the suspensions containing

combi-CLEAs were centrifuged at 10,000× g for 10 min at 4 ◦C. Combi-CLEAs were recovered as pellets

and washed twice with 2 mL 100 mM sodium phosphate at pH 7.0. Then, the combi-CLEAs were

stored in the same buffer (2 mL) at 4 ◦C for further use. The GOD and CAT activities were calculated

as described in Section 3.2, and the immobilization yield (IY) was calculated separately, as follows:

IY(%) =
Ae(U)

Ai(U)
× 100 (1)

where Ae is the total observed activity of GOD or CAT in combi-CLEAs; Ai is the total GOD or CAT

activity used in the combi-CLEAs preparation.

3.5. Stability of Combi-CLEAs

Thermostabilities of soluble and immobilized biocatalyst were evaluated at 40 ◦C and pH 6.0

(100 mM sodium phosphate buffer) for 5 h under continuous stirring at 250 rpm in a shaker incubator

(SL 221, Solab, Piracicaba, SP, Brazil). For all stability assays, the initial activity was taken as 100%.

The recovered activity (RA; %) after stability assay was calculated as follows:

RA(%) =
AT(U)

Ai(U)
× 100 (2)

where AT is the total activity of the GOD or CAT in the combi-CLEAs measured after the stability

assay; Ai is the total GOD or CAT activity used for the CLEAs preparation.

3.6. Gluconic Acid Production and Operational Stability

Production of GA from glucose was performed in a bubble column reactor with 0.5 L working

volume, equipped with an amperometric electrode (Model InPro 6800, Mettler Toledo, Greifensee,
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Switzerland) for dissolved oxygen monitoring, an electrode for pH measurement, and a thin tube

to bubble air at the base of the reactor. Temperature, pH and inlet air flow rate were automatically

controlled. Three independent batch experiments with 0.1 L of glucose solution (initial concentration

of 26 g L−1) were performed at 40 ◦C and pH 6.0 (in 100 mM sodium phosphate). The ratios for the

enzymes (GOD and CAT)/substrate (glucose) were 4 and 0.46% (w/w), corresponding to around 7340

and 57,430 U g−1 glucose, respectively. The pH was continuously controlled by using a 0.35 M calcium

carbonate solution as titrating agent. A fixed air flow rate of 10 vvm controlled by means of a mass flow

meter (Model GFC37, Aalborg, Orangeburg, NY, USA) was used. Samples were removed to determine

the glucose and GA concentrations using high performance liquid chromatography, as described in

Section 3.9.

3.7. Apparent Kinetic Parameters of Combi-CLEAs Using Glucose Modification

Based on the conversion of glucose, the kinetic parameters (Km and kcat) of the combi-CLEA

preparation were estimated using the Michaelis-Menten model (Equation (3)). A first order enzyme

inactivation model was also fitted to the reuse data to determine the half-life time (Equation (4)).

dCG

dt
= −

kcat·Cet·CG

Km + CG
(3)

where, kcat is the turnover number (min−1), Km is the Michaelis-Menten constant (mM), CG is the

glucose concentration (mM), Cet is the enzyme concentration (mM), kd is the inactivation constant (h−1)

and t is the time (h).

These two equations can be integrated together to obtain the time for a batch to reach certain

conversion:

tb = −
1

kd
ln

{

[Km· ln[1−X] −CG0 X]·kd

kcat·Cet0
+ 1

}

(4)

Cetb = Cet0e−kd·tb (5)

where tb is the batch time in order to obtain the conversion X, CG0 is the initial glucose concentration,

Cet0 is the initial enzyme concentration, and Cetb is the final enzyme concentration.

3.8. SEM Images

The surface morphology of combi-CLEAs was studied using scanning electron microscopy (SEM).

Micrographs were taken on a JSM 6510/JEOL (10KV) SEM instrument (JEOL Ltd., Tokyo, Japan).

3.9. Chromatographic Methods

Glucose concentration was determined using a Waters chromatograph (model 410, Waters Co.,

Milford, MA, USA) equipped with a differential refractometer detector. The compounds were separated

on a Sugar-Pak column (Waters Co., Milford, MA, USA) at 80 ◦C, using Milli-Q water as the eluent at a

flow rate of 1 mL min−1. Gluconic acid concentration was determined in the same chromatograph,

by using a UV detector (210 nm) and an Aminex HPX87-H column (Bio-Rad, Hercules, CA, USA)

maintained at 30 ◦C. The eluent was 5 mM sulfuric acid in Milli-Q water, at a flow rate of 0.6 mL min−1.

4. Conclusions

Aspergillus niger GOD and bovine liver CAT were immobilized using the combi-CLEAs technique.

GOD/CAT combi-CLEAs could be prepared with an immobilization yield higher than 70% and good

stability (operational half-life of 34 h at 40 ◦C and pH 6.0). The evaluation of combi-CLEAs in gluconic

acid production in a bubble column reactor operating in batch mode showed conversion of around

100%, and it was possible to use the biocatalyst in seven batches maintaining gluconic acid productivity

higher than 4 g L−1 h−1.
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Appendix A

Figure A1. SEM images of Aspergillus niger glucose-oxidase and bovine liver catalase in combi-CLEAs

co-precipitated with BSA.

Figure A2. Particle size distribution for GOD/CAT combi-CLEAs (right). The particle diameter

was obtained from microscopy images (Olympus BX60 microscope, Olympus Co., Tokyo, Japan) of

combi-CLEAs (left) using the Image-Pro® Plus software (Version 7.0 for Windows, Media Cybernetics,

Inc., Bethesda, MD, USA), where the frequency count was performed using a step size of 10 µm.
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Table A1. Immobilization yield (IY) and recovered activity after the stability assay of glucose oxidase

(GOD) immobilized by the CLEA technique: influence of the glutaraldehyde concentration (GLU) and

BSA/enzymes ratios (w/w).

Assay
BSA

(mg/mL)
BSA/Enzymes
Ratio (w/w)

[GLU]
mM

µmol
GLU/mgprot.

IY (%)
Observed

Activity (U
mL−1)

Recovered
Activity (%)

Observed
Activity after

Stability Assay
(U mL−1)

1 0 0 25 4.55 29.7 ± 2.7 355.5 ± 32.0 8.0 ± 0.9 96.1 ± 10.6
2 0 0 50 9.09 42.3 ± 3.8 505.9 ± 45.5 16.0 ± 1.8 190.9 ± 21.0
3 0 0 100 18.18 41.2 ± 3.7 492.2 ± 44.3 10.8 ± 1.2 129.6 ± 14.3
4 0 0 200 36.36 24.2 ± 2.2 289.9 ± 26.1 5.2 ± 0.6 62.1 ± 6.8
5 15 1.36 25 1.92 59.4 ± 5.4 711.0 ± 64.0 39.6 ± 4.4 474.0 ± 52.1
6 15 1.36 50 3.85 55.8 ± 5.0 667.2 ± 60.0 41.8 ± 4.6 500.4 ± 55.0
7 15 1.36 100 7.69 50.8 ± 4.6 607.1 ± 54.6 30.4 ± 3.3 364.2 ± 40.1
8 15 1.36 200 15.38 45.7 ± 4.1 546.9 ± 49.2 34.3 ± 3.8 410.2 ± 45.1
9 30 2.73 25 1.22 59.4 ± 5.4 711.0 ± 64.0 54.6 ± 6.0 652.8 ± 71.8
10 30 2.73 50 2.44 32.0 ± 2.9 382.8 ± 34.5 24.0 ± 2.6 287.1 ± 31.6
11 30 2.73 100 4.88 32.0 ± 2.9 382.8 ± 34.5 25.3 ± 2.8 303.0 ± 33.3
12 30 2.73 200 9.76 19.2 ± 1.7 229.7 ± 20.7 19.2 ± 2.1 229.7 ± 25.3
13 60 5.45 25 0.70 70.9 ± 6.4 847.7 ± 76.3 53.2 ± 5.8 635.8 ± 69.9
14 60 5.45 50 1.41 42.8 ± 3.8 511.3 ± 46.0 34.2 ± 3.8 409.1 ± 45.0
15 60 5.45 100 2.82 44.4 ± 4.0 530.5 ± 47.7 43.4 ± 4.8 519.3 ± 57.1
16 60 5.45 200 5.63 34.5 ± 3.1 412.3 ± 37.1 32.2 ± 3.5 385.6 ± 42.4

Table A2. Immobilization yield (IY) and recovered activity after the stability assay of catalase (CAT)

immobilized by the combi-CLEA technique: influence of the glutaraldehyde concentration (GLU) and

BSA/enzymes ratios (w/w).

Assay
BSA

(mg/mL)
BSA/Enzymes
Ratio (w/w)

[GLU]
mM

µmol
GLU/mgprot.

IY (%)
Observed

Activity (U
mL−1)

Recovered
Activity (%)

Observed
Activity after

Stability Assay
(U mL−1)

1 0 0 25 4.55 42.2 ± 4.6 3320.6 ± 365.3 42.2 ± 5.0 3320.6 ± 395.2
2 0 0 50 9.09 48.4 ± 4.3 3806.6 ± 342.4 39.5 ± 5.8 3112.6 ± 453.0
3 0 0 100 18.18 10.3 ± 1.1 813.1 ± 89.4 10.3 ± 1.2 813.1 ± 96.8
4 0 0 200 36.36 6.8 ± 0.7 533.1 ± 58.6 6.8 ± 0.8 533.1 ± 63.4
5 15 1.36 25 1.92 48.4 ± 5.0 3812.6 ± 397.8 45.9 ± 5.8 3616.3 ± 453.7
6 15 1.36 50 3.85 50.2 ± 4.2 3950.6 ± 330.9 38.2 ± 6.0 3008.2 ± 470.1
7 15 1.36 100 7.69 51.5 ± 5.7 4053.1 ± 445.8 51.5 ± 6.1 4053.1 ± 482.3
8 15 1.36 200 15.38 40.6 ± 2.9 3192.2 ± 229.4 26.5 ± 4.8 2085.6 ± 379.9
9 30 2.73 25 1.22 62.7 ± 4.1 4933.7 ± 326.5 37.7 ± 7.5 2967.8 ± 587.1
10 30 2.73 50 2.44 46.7 ± 3.6 3675.2 ± 284.6 32.9 ± 5.6 2586.9 ± 437.3
11 30 2.73 100 4.88 27.0 ± 2.7 2125.4 ± 211.4 24.4 ± 3.2 1921.5 ± 252.9
12 30 2.73 200 9.76 24.7 ± 2.1 1947.0 ± 165.5 19.1 ± 2.9 1504.3 ± 231.7
13 60 5.45 25 0.70 80.4 ± 7.0 6329.2 ± 547.5 63.2 ± 9.6 4977.6 ± 753.2
14 60 5.45 50 1.41 78.9 ± 6.2 6206.5 ± 487.7 56.3 ± 9.4 4433.3 ± 738.6
15 60 5.45 100 2.82 68.9 ± 5.4 5424.6 ± 423.3 48.9 ± 8.2 3848.5 ± 645.5
16 60 5.45 200 5.63 39.1 ± 3.8 3080.3 ± 296.3 34.2 ± 4.7 2694.1 ± 366.6
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