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Abstract Multipoint covalent bonding of glucose oxidase (EC 1.1.3.4) to hydrophilic natural
polymer dextran and optimization of procedures to obtain, with enhanced temperature and pH
stabilities, were studied. Purified enzyme was conjugated with various molecular weight
dextrans (17.5, 75, and188 kD) in a ratio of 20:1, 10:1, 1:1, 1:5, 1:10, 1:15, and 1:20. After 1 h
of incubation at pH 7, the activities of purified enzyme and conjugates were determined at
different temperatures (25°C, 30°C, 35°C, 40°C, 50°C, 60°C, 70°C, and 80°C), and the
results were evaluated for thermal resistance. Increases in temperature from 25°C to 50°C did
not change the activities of the conjugates. The conjugate, which was prepared with 75 kDa
dextran in a molar ratio of 1:5, showed the highest thermal resistance and even the activity
still remains at 80°C at pH 7.0. This conjugate also displayed activity in a wide pH range
(pH 4.0–7.0) at high temperatures. Conjugate, which was synthesized with 75 kDa dextran in
a molar ratio of 1:5, appears to be feasible and useful for biotechnological applications.
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Introduction

Inactivation factors affect the operational stability of enzymes during their industrial
applications [1, 2]. The lack of stability strongly limits their usages because of
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nonconventional media or extreme conditions [3–5]. Enzyme immobilization can improve
performance of enzymes such as activity, stability, or selectivity [6–8]. Additional
stabilization of immobilized enzymes may also enhance their resistance against destructive
effects [9, 10].

Formations of additional inter- and intramolecular bridges during chemical modifica-
tion of enzymes with polysaccharides may improve enzyme stability. Multipoint
attachment of polysaccharides increases the rigidity, as well as hydration of these
molecules [10–12]. Dextrans are a kind of polysaccharides containing mainly α-1,6 and
variable numbers of α-1,2, α-1,3, and α-1,4 linkages between glucose units [13, 14].
Modification of glucose oxidase with 20 kDa dextran aldehyde may exert a highly
stabilizing effect against both mechanic stirring in aqueous systems and n-heptane/aqueous
buffer stirred systems [1, 9].

Glucose oxidase (GOD, EC 1.1.3.4) is a flavoprotein that catalyzes the oxidation of β-D-
glucose to D-glucono-δ-lactone using molecular oxygen as the electron acceptor and
releases hydrogen peroxide [15, 16]. The enzyme is composed of two identical subunits
with two moles of flavin adenine dinucleotide (FAD) located inside deep pockets in the
protein structure [17]. GOD is used in a large scale of technological applications, such as
removing residual glucose and oxygen from beverages, wine and foodstuff, in bleaching
cellulose fibers, and production of gluconic acid and is also used as a food preservative [15,
17, 18]. However, the most significant GOD application is in biosensors for the monitoring
of glucose levels in body fluids during fermentation of beverages or in miniaturized biofuel
cells [19–22, 24].

The stabilization of GOD against destructive factors improves its characteristics and
broadens its applicability. Hence, in this study we aimed to enhance the stability of GOD
against temperature and pH changes. So, various GOD-dextran covalent conjugates were
prepared by using three different molecular weight dextrans (17.5, 75, and 188 kD). The
stability of conjugates was displayed by the activities determined at different temperatures
and pHs after 1 h of incubation.

Materials and Methods

Materials

Glucose oxidase from Aspergillus niger (Mw=186 kDa; FL.49180), Sephadex G-50
(FL.84946), and o-dianisidine (FL.33430) were purchased from Fluka. D-(+)-glucose (G
7528) and dextrans from Leuconostoc mesenteroides with different molecular weights (Mw=
17.5, Mw=75, and Mw=188 kDa; SI.D4626, SI.D3759, and SI.D4876, respectively) were
obtained from Sigma Chemical Co. (St. Louis, Missouri, USA). All other chemicals used
were analytical grade.

Purification

The protein content of the purchased GOD enzyme was determined as 90% (A280/1.34).
High performance liquid chromatography chromatograms also confirmed the presence of
impurities in this commercial enzyme. For conjugate synthesis; commercial enzyme was
purified by using Biorad model 2110 purification system with Sephadex G-50 column
(1.5×30); fractions were eluted with PBS buffer at pH 7.0, and appropriate fractions were
pooled for the conjugate synthesis.
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Preparation of Dextran Aldehyde Derivatives

Freshly prepared NaIO4 solution (8 g dissolved in 70 ml distilled water) was added slowly
over dextran solution (3.33 g dissolved in 30 ml distilled water) and kept stirred in dark for
24 h at room temperature. At the end of this period, the solution was dialyzed against distilled
water for 24 h, and aldehyde derivative of dextran was recovered by freeze drying [9, 23].

Preparation of GOD-dextran Aldehyde Conjugates

Amount of dextran aldehyde derivatives needed for the preparation of conjugates was calculated
according to the formula given below for constant enzyme concentration (0.2 mg/ml).

nGOD=nD ¼ cGODMD=cDMGOD ¼ 1 : 1; 1 : 5; 1 : 10; 1 : 15; 1 : 20; 10 : 1; 20 : 1

where c shows concentration (mg/ml) while M is molar weight.
Dextran aldehyde and enzyme solutions were freshly prepared in PBS buffer at pH 7.0.

Afterwards, the reaction was initiated by mixing enzyme (2 ml) and dextran aldehyde (2 ml)
solutions and incubating in a water bath at 25°C for 16 h. As a result, a Schiff base was formed
between aldehyde groups of dextran derivative and amine groups of enzyme. Then, 5.6 ml cold
(+4°C) 100 mM sodium bicarbonate solution at pH 8.5 was added to stop the reaction. To
reduce the amount of Schiff base formed and unreacted aldehyde groups of dextran derivative,
9.6 mg of sodium borohydride was added. This solution was stirred for 15 min and then, again,
9.6 mg of sodium borohydride was added to the reaction medium. Reduction reaction was
continued at +4°C for 15 min, and pH of the final solution was adjusted to 7.0 [9].

Activity Determination

The test tubes containing 780 µl PBS buffer were incubated in a stirring water bath at
working temperatures for 5 min. The reaction was started at working temperatures (25°C,
30°C, 35°C, 40°C, 50°C, 60°C, and 70°C) by adding 50 µl glucose (%25 w/v), 25 µl o-
dianisidine (10 mM), 15 µl HRP (0.005 mg/ml), and 30 µl GOD solution (0.0025 mg/ml),
respectively, for the initiation of this reaction. After 10 min, reaction was stopped by adding
100 µl 2 M H2SO4 solution. The total volume was completed to 1 ml [25, 26]. Afterwards,
UV-visible spectra of these reaction products and their A400 values were recorded. Activities
in units were calculated according to the formula given below.

U=mg ¼ A400 � 106="tcGOD

ε Molar absorption coefficient of o-dianisidine at 400 nm (17,500)
t Incubation time (min)
cGOD GOD concentration (mg/ml)
A400 Absorbance at 400 nm

Stability Studies

To show the thermal resistance of enzyme and all conjugates, activity values were determined
after incubating enzyme and conjugate solutions in a water bath for 1 h at pH 7.0. Meanwhile,
to display the pH stability of enzyme and conjugate, activity of conjugate nGOX/nD 1:5 was
also determined by repeating the same procedure at different pHs.
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Fig. 1 The size exclusion chromatograms of GOD-dextran conjugate (nE/nD1:5), purified GOD, and
aldehyde derivative of dextran with a UV detector and b RI detector
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Characterization of the Conjugate with GPC (Gel-permeation Chromatography)
and Fluorescence Techniques

Molecular weight distributions of dextran aldehyde, purified enzyme, and selected
conjugate with the ratio nE/nD 1:5 were determined by gel-permeation chromatography
(Viscotek GPCmax VE2001 GPC solvent/sample module) on a 7.9 mm×50 cm Shim-Pack
Diol 300 column with ultraviolet (UV) and refractive index (RI) detectors. The fractions
were eluated at 1 ml min−1 with 0.1 M PBS buffer (pH 7) containing 0.15 M NaCl and
7.5 mM NaN3.

Fluorescence measurements of the enzyme and mentioned conjugate above were
carried out using a PTI QM-4 steady state spectrofluorophotometer. The excitation and

Fig. 2 Changes in FAD fluorescence intensities of purified GOD and a GOD-dextran conjugate (nE/nD1:5,
75 kDa dextran) depending on time at 60°C for a pH 4, b pH 5, c pH 6, d pH 7, and e pH 8; lex=450 nm and
lem=524 nm
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emission slit widths were set to 2 nm. Sample excitation was performed at 450 nm, while
the emission spectrum was recorded in the range of 524 nm. The working temperature of
the cell was maintained at 60°C by circulating water through the thermostatted cuvette
holder.

Fig. 3 FAD fluorescence spectra of a GOD and b GOD-dextran conjugate (nE/nD 1:5, 75 kDa dextran) for
different incubation periods (1:0 min; 2:15 min; 3:30 min; 4:60 min) at 60°C, pH 7.0, lex=450 nm
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Results and Discussion

The modification of glucose oxidase by covalent conjugation with 17.5, 75, and 188 kDa
dextrans using different molar ratios (nE/nD 20:1, 10:1, 1:1, 1:5, 1:10, 1:15, and 1:20) was
studied. The peak of aldehyde observed at about 2,934 cm−1 of FTIR spectra disappeared
when covalent bonding occurred between aldehyde groups of dextran derivatives and

Fig. 4 Activities of GOD-dextran conjugates with different molar ratios (nE/nD 20:1, 10:1, 1:1, 1:5, 1:10, 1:15,
and 1:20) obtained using three different molar weight dextrans—a 17.5, b 75, and c 188 kDa at pH 7.0—after
60 min of incubation at working temperatures
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primer amino groups of enzyme molecules (results were not submitted). The stabilities of
conjugates were evaluated with the activities determined at different temperatures and pHs
after 1 h of incubation.

One of the most fundamental parameters for characterizing macromolecules is their
molecular weight and molecular weight distribution [27]. However, gel-permeating
chromatography has been a widely used technique for estimating these characteristics of
proteins, polysaccharides, and protein-polymer conjugates in their native forms based on
their elution positions [28, 29]. The size exclusion chromatograms of the enzyme-dextran

Fig. 5 Activities of a purified GOD and b GOD-dextran conjugate (nE/nD 1:5, 75 kDa dextran) at working
temperatures, depending on pH after 60 min of incubation
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conjugate (nE/nD 1:5), purified enzyme, and aldehyde derivative of dextran were recorded
by using UVand RI detectors (Fig. 1). Elution position of the conjugate, which was in front
of glucose oxidase and aldehyde derivative of dextran, relates the formation of covalently
bonded macromolecules with higher molecular weight than the constituents.

The fluorescence prosthetic group FAD exhibits different spectral characteristics in
different proteins reflecting the specific environmental property of isoalloxazine, which is
the chromophore present in the molecule. Each subunit of dimeric GOD contains one
tightly bound flavin adenine dinucleotide as cofactor and ten tryptophan residues. The
energy transfer probability from tryptophan residues to the flavin cofactor could be affected
from both distance and orientation due to structural perturbation of this enzyme [30–32]. In
this work, FAD fluorescence intensity of purified GOD and the conjugate (75 kDa dextran
and nE/nD 1:5) was measured for 1 h at 60°C; pH 4, 5, 6, 7, and 8 (Fig. 2).

The fluorescence intensities of GOD and conjugates were affected by pHs of the
aqueous media. FAD fluorescence intensity of pure enzyme increased with incubation time,
whereas, FAD fluorescence intensity of conjugate showed almost constant values. This is
related to resistance of the conjugate against high temperature denaturation (Figs. 2 and 3).

In order to reveal thermal stabilities of conjugates, their activities were determined after
1 h of incubation at different temperatures for pH 7 (Fig. 4).

Thermal stabilities of conjugates were influenced by both molar weights of dextrans and
nE/nD ratios used in the synthesis reactions. It was observed that activity of conjugates was
slightly less than purified enzyme, but their activities were not significantly changed before
50°C. Pure enzyme shows maximum activity around pH 4–5, but thermal resistance is high
only at pH 7. Conjugates obtained with 75 kDa dextran showed higher activity than the
conjugates synthesized with 17.5 kDa and 188 kDa dextrans. This conjugate (nE/nD 1:5)
showed highest thermal resistance even at high temperatures (70°C and 80°C) in a wide pH
range (pH 4–8; Fig. 5).

Pure GOD and GOD-dextran conjugate (nE/nD 1:5, 75 kDa dextran) were incubated at
pH 7 in PBS buffer at room temperature for a given period of time as shown in Fig. 6 to
evaluate the shelf lives. There was an instantaneous and a regular decrease in the activity of
pure enzyme, whereas, the activity of the conjugate was constant for nearly a week (Fig. 6).

Fig. 6 Shelf lives of pure enzyme and the conjugate (nE/nD 1:5, 75 kDa dextran) at room temperature
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Conclusion

Covalent conjugation of glucose oxidase with different molar weight dextrans in various
molar ratios provided an enhanced stability of enzyme against temperature and pH.
Especially conjugate nE/nD 1:5 obtained with 75 kDa dextran showed high thermal
resistance and good stability in a wide pH range. This conjugate may be potentially useful
in preparing clinical diagnostic kits and biosensors.
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