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D. Pečar,a Đ. Vasić-Rački,b and A. Vrsalović Presečkib,*

aUniversity of Maribor, Faculty of Chemistry and Chemical Engineering, 
Smetanova 17, SI-2000 Maribor, Slovenia
bUniversity of Zagreb, Faculty of Chemical Engineering and Technology, 
Savska c. 16, HR-10000 Zagreb, Croatia

The effect of aeration on the stability of glucose oxidase in the reaction of glucose 
oxidation to gluconic acid was investigated by determining the operational stability de-
cay rate constant in the process conditions. Eupergit C as a porous carrier was chosen for 
the enzyme immobilization. To evaluate glucose oxidase operational stability during pro-
cess conditions, experiments of glucose oxidation were carried out in the repetitive batch 
reactor with and without continuous aeration at different aeration levels. It was found 
that the decay rate of the free enzyme linearly depended on the air flow rate. Immobili-
zation of glucose oxidase on Eupergit C significantly enhanced enzyme stability at high-
er aeration rates. Kinetics of the free and immobilized enzyme was also determined. The 
mathematical model of glucose oxidation catalysed by free and immobilized glucose 
oxidase in the batch reactor was developed.
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Introduction

Enzymatic oxidation is an important reaction 
for production of valuable products1. The advantag-
es over chemical oxidation are high selectivity and 
low environmental impact, since enzymes are active 
under mild conditions2. In addition, biocatalytic ox-
idations use oxygen as the electron acceptor, which 
is easily available and inexpensive. The limitation 
considering oxygen utilisation is its slow mass 
transfer from air to aqueous phase. In order to over-
come this problem, a continuous supply of oxygen 
in the reactor is necessary to achieve reasonable re-
action rates. The method for oxygen delivery usual-
ly causes irreversible enzyme inactivation, which is 
commonly attributed to the hydrodynamic shear 
stress and gas-liquid interface2.

Glucose oxidase (GOD) belongs to the glucose/
methanol/choline (GMC) oxidoreductase family. It 
is a dimeric protein consisting of two identical  
80 kDa subunits that contain non-covalently bound 
flavin adenine dinucleotide (FAD) per monomer as 
cofactor at the active site3. Glucose oxidase is wide-
ly employed in food industry due to its ability to 
remove glucose and oxygen (O2) or to produce glu-

conic acid4. It is also used in chemical, pharmaceu-
tical, textile, and other biotechnological industries. 
GOD catalyses the oxidation of d-glucose using 
atomic O2 as the electron acceptor to d-glucono-  d- 
-lactone and hydrogen peroxide. d-Glucono-d-lac-
tone is subsequently spontaneously hydrolysed to 
d-gluconic acid. The gluconic acid and its deriva-
tives produced by GOD have application in food, 
pharmaceutical, textile and building industries. Cur-
rently, the gluconic acid production of approximate-
ly 100,000 ton/year is mostly by biotechnological 
processes5. Despite the great interest for application 
in a variety of processes, the native GOD is unsta-
ble. Like other oxidase, GOD is inactivated by in-
creasing gas-liquid interface, as well as the oxygen 
concentration in the medium6,7. Immobilization of 
GOD provides several benefits that include en-
hanced stability, easier separation of the product 
from the reaction medium, increased productivity, 
and possibility of enzyme reuse. Different methods 
as well different carriers were tested for GOD 
 immobilization8–13. Enzyme deactivation caused by 
aeration can be efficiently avoided by using porous 
support for immobilization7,14,15. These supports pre-
vent any intermolecular process preventing the en-
zyme interaction with external interfaces16.

Eupergit C is widely used as a carrier for the 
immobilization of different enzymes. It is extremely 
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stable and possesses good chemical and mechanical 
properties, such as simple immobilization proce-
dure and high binding capacity17. Eupergit C is a 
naturally porous polymer18 and immobilization on it 
can be achieved without the need for additional re-
agents by forming strong covalent linkages between 
Eupergit epoxy groups and enzyme nucleophilic 
groups19. A high density of epoxy groups on the Eu-
pergit surface enables the multipoint attachment of 
the enzyme, resulting in enhanced conformational 
stability and long-term operational stability.

Since the main obstacle of these reactions is 
enzyme operational stability decay, the knowledge 
on biocatalyst stability is essential. Enzyme deacti-
vation rate can vary differently with the system and 
operating conditions. Deactivation property of an 
enzyme, determined as a function at the relevant 
operating conditions, together with the mathemati-
cal model of the process can be used to predict the 
outcome of the process at different conditions11. 
This can help in developing a relevant industrial 
process20.

In this paper, GOD was kinetically character-
ized in free form and immobilized on Eupergit C in 
the reaction of glucose oxidation to gluconic acid. 
For both forms of enzymes, the influence of oxygen 
on kinetics was investigated, and the mathematical 
model was proposed and validated in the batch re-
actor. The effect of aeration rates on the stability of 
free and immobilized GOD was examined by deter-
mination of operational stability decay constant. 
Catalase was added to the process to eliminate hy-
drogen peroxide, which is also a product of glucose 
catalysed GOD oxidation and can inactivate the en-
zyme.

Experimental

Chemicals

Catalase from Micrococcus lysodeikticus 
(65,000–150,000 units cm–3 E.C. 1.11.1.6), o-diani-
sidin and Eupergit C (150 μm spherical particles, 
binding ca pacity 50 mgprotein per g of carrier, water 
binding ca pacity 4 cm3 per g of carrier) were pur-
chased from Fluka, Germany. Glucose, gluconic 
acid, d-glucono-δ-lactone, glucose oxidase from 
Aspergillus niger (powder, ≥ 100 units g–1, E.C. 
1.1.3.4), and peroxidase from horse radish (lyo-
philized powder, 250–330 units mg–1, E.C. 1.11.1.7) 
were purchased from Sig ma Aldrich, Germany. 
Na2HPO4 and KH2PO4 were purchased from Kemi-
ka, Croatia. Nitrogen was pur chased from Messer, 
Croatia. Glucose-PAP colorenzymatic test was ob-
tained from Dijagnostika, Croatia.

Immobilization of glucose oxidase and catalase

The enzyme immobilization on Eupergit C is 
simple because Eupergit is already a prepared carri-
er. A mass of 1 g of Eupergit C was mixed with  
5 cm3 of glucose oxidase solution (γGOD = 2 mg cm–3) 
in phosphate buffer (0.1 M, pH 7). The same amount 
of Eupergit C was mixed with a solution of catalase 
(φcatalase = 0.08) in phosphate buffer (0.1 M, pH 7). 
Stirring was carried out on a shaker for 72 hours at 
room temperature (slow stirring at 80 rpm). It was 
then centrifuged, and the carrier with immobilized 
enzyme was washed with phosphate buffer (0.1 M, 
pH 7). The success of enzyme immobilization was 
evaluated by the immobilisation yield, the immo-
bilisation efficiency, and the activity recovery (Eqs. 
1 –3)21. They were calculated as follows:

 
immobilised activity

starting act
Yield

ivity
=  (1)

The immobilised activity was calculated by 
subtracting the total residual enzyme activity after 
the immobilisation from the total starting activity.

 
observed activityEfficiency  

immobilised activity
=  (2)

The observed activity is the activity of the im-
mobilised enzyme.

 
observed activityActivity recovery  
starting activity

=  (3)

Analytical methods

Gluconic acid and d-glucono-δ-lactone were 
followed by HPLC (Shimadzu) with APS Hypersil 
column (Hewlett Packard, 5 μm, 200 x 4.6 mm) at 
210 nm. The mobile phase was water with the addi-
tion of perchloric acid (pH 2.10–2.15) at a flow rate 
0.9 cm3 min–1. The analysis was performed at 30 °C. 
Retention times of d-glucono-δ-lactone and glucon-
ic acid were 2.8 and 9.25 min, respectively.

Glucose concentration was determined by stan-
dard colorenzymatic method (GOD/PAP).

Oxygen concentration was measured by fibre 
optic oxygen sensor (FireSting O2, PyroScience 
GmbH, Aachen, Germany), which showed the level 
of oxygen saturation in percent. It was calibrated 
before using it at given working conditions (0.1 M 
phosphate buffer pH 7, 30 °C) at two points (with-
out oxygen that was removed by nitrogen and at 
oxygen saturation level). To recalculate oxygen per-
cent to mM, literature data were used22.

The enzymatic activity of free and immobilized 
GOD was determined according to the peroxi-
dase-o-dianisidin assay using d-glucose as a sub-
strate. The reaction mixture contained buffer-glu-
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cose solution (0.1 M phosphate buffer (pH 7), 
o-dianisidin (7.66 mM), peroxidase (1796.5 U cm–3) 
suspended in ammonium sulphate solution (3.2 M), 
and enzyme GOD solution at the final volume of  
1 cm3. The mixture without GOD was preincubated 
at 30 °C and saturated with oxygen. The reaction 
started by addition of GOD solution. The change in 
absorbance at 436 nm was monitored via spectro-
photometer (Shimadzu, UV 1800). One unit of en-
zyme activity was defined as the amount of enzyme 
necessary to oxidise 1 µmol of glucose per one 
minute at 30 °C and pH 7.

Immobilized GOD activity was measured in a 
2-cm3 reactor that contained buffer-glucose solution 
(0.1 M phosphate buffer pH 7) and the immobilized 
GOD. Samples were taken at regular intervals 
during the first 10 minutes of the reaction, and glu-
cose concentration was determined. From the 
change in glucose concentration over time, the im-
mobilized GOD activity was calculated.

Activity of free and immobilized catalase was 
measured by monitoring the decrease in hydrogen 
peroxide concentration at 240 nm via spectropho-
tometer23. One unit of enzyme activity was defined 
as the amount of enzyme necessary to decompose  
1 µmol of hydrogen peroxide per one minute at 30 
°C and pH 7.

Determination of overall oxygen volumetric 
mass transfer coefficient, kLa

The overall oxygen volumetric mass transfer 
coefficient (kLa) was determined using the static 
gassing out method24 based on Eq. 4.

 ( )2

2 2

O *
O O

d
d L

c
k a c c

t
= −  (4)

The measurements were performed as follows: 
The liquid was deoxygenated by purging with nitro-
gen, and the deoxygenated liquid was then aerated 
and agitated. The increase in dissolved oxygen in 
the latter period was used for the determination of 
kLa. Oxygen concentration was measured as de-
scribed previously.

Kinetics analysis

Kinetic measurements were performed accord-
ing to the initial reaction rate method in 0.1 M 
phosphate buffer pH 7 at 30 °C.

Impact of glucose and gluconic acid concentra-
tion on the initial reaction rate of free and immobi-
lized GOD was measured using the activity test as 
described previously. The dependence of initial re-
action rate on glucose concentration was measured 
by varying the glucose concentration (0–300 mM), 
and keeping the oxygen concentration at the satura-

tion level (cO2
 = 0.1816 mM). To determine the im-

pact of gluconic acid on the initial reaction rate, 
gluconic acid was varied in the range 0–300 mM, 
while concentration of glucose and oxygen was 
constant and in the saturation level (cO2

 = 0.1816 mM, 
cglucose = 250 mM). The dependence of free and im-
mobilized GOD reaction rate on the oxygen 
 concentration was determined by monitoring the 
oxygen concentration as described previously. The 
initial oxygen concentration was adjusted by com-
bining flow of air and pure nitrogen, and the glu-
cose concentration was kept constant at saturation 
level (cglucose = 250 mM). When the initial oxygen 
concentration was set to the desired value, the en-
zyme was added to start the reaction. Since oxygen 
was simultaneously consumed in the reaction and 
dissolved from air, Eq. (5) was used to estimate the 
initial reaction rate.

 ( )2

2 2

O *
O O 1

d
d L

c
k a c c r

t
= − −  (5)

Kinetics of free and immobilized catalase was 
determined using the catalase activity test described 
previously, and by varying the H2O2 concentration 
(0–60 mM).

Reactor experiments

Glucose oxidation catalysed by free and Eu-
pergit-immobilized glucose oxidase was carried out 
with one or two glucose additions without aeration 
and with aeration at 15 and 30 dm3 h–1 air flow 
rates. A 50-cm3 reactor, placed on the magnetic stir-
rer at 600 rpm, was used for the experiments with 
free enzyme. Reactions catalysed by immobilized 
enzymes were performed in 30-cm3 reactor on the 
shaker (100 rpm). Oxygen was supplied using air 
compressor. The air flow rate was adjusted using 
the air flow meter. Air was supplied through the 
perforated plastic ring air distributor 3 cm in diam-
eter containing 15 uniformly distributed holes with 
a diameter 0.7 mm. The reaction me dia was solu-
tion of glucose in 0.1 M phosphate buffer pH 7.0 at 
30 °C. The defined amount of free and immobilized 
GOD and catalase were added to the reactor to start 
the reaction. Concentrations of glucose, gluconic 
acid, d-glucono-δ-lactone, and oxygen were moni-
tored by the previously described methods. The en-
zyme activity was monitored during the experi-
ments by the independent enzyme assay described 
above. Detailed reaction conditions are presented in 
the legends of Figs. 5–8.

Mathematical model and data processing

The mathematical model of glucose oxidation 
catalyzed by glucose oxidase from Aspergillus ni-
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ger, consists of kinetic and mass balance equations 
in the batch reactor. The kinetic model was based 
on the reaction scheme (Fig. 1) and experimental 
results. The kinetics of the glucose oxidation reac-
tion is described by two-substrate Michaelis-Ment-
en model with competitive inhibition of the product 
(gluconic acid) (Eq. 6). The removal of hydrogen 
peroxide catalysed by catalase was described by ki-
netics of the first order due to the low specificity of 
catalase to hydrogen peroxide (high values of Mi-
chaelis-Menten constant) (Eq. 7). Spontaneous hy-
drolysis of glucono-δ-lactone was described by 
n-order kinetic (Eq. 8).

 

( )
2

2

2

glucose O GOD (eupergit)
1

gluconic acidglucose O
glucose Ogluconic acid1

m

m m
i

V c c
r

c
K c K c

K

γ⋅ ⋅ ⋅
=
  

⋅ + + +     

 

 
2 22 catalase catalase H Or k cj= ⋅ ⋅  (7)

 3 glucono- -lactone
n

nr k c d= ⋅  (8)

The reactor model for the batch reactor consists 
of the mass balance for glucose (Eq. 9), glu-
cono-δ-lactone (Eq. 10), gluconic acid (Eq. 11), ox-
ygen (Eq. 12), and hydrogen peroxide (Eq. 13). The 
oxygen balance (Eq. 12) involves the dissolved ox-
ygen in the reaction mixture during the experiment 
that takes place due to the controlled air supply or 
the direct contact with oxygen from the environ-
ment.

 glucose
1

d
d

c
r

t
= −  (9)

 glucono- -lactone
1 3

d
d

c
r r

t
d = −  (10)
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c
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The operational stability decay of the free and 
immobilized GOD observed during the experiment 
is described by first order kinetics (Eq.14)

 
d
d

m
d m

V k V
t
= − ⋅  (14)

Kinetic constants for free and immobilized glu-
cose oxidases and catalase were estimated from in-
dependent initial reaction rate measurements, i.e., 
the dependence of the initial reaction rate on the 
substrate concentration. The overall oxygen volu-
metric mass transfer coefficient, kLa, was estimated 
from the independent measurements, acquired in 
the experimental set-up for the batch reactor. GOD 
decay rate constant was estimated from the inde-
pendent experimental results acquired by measuring 
the enzyme activity via an enzyme assay during the 
experiment.

The kinetic constants and overall oxygen volu-
metric mass transfer coefficient were estimated by 
non-linear regression using the simplex or least 
squares method implemented in Scientist software25. 

F i g .  1  – Reaction scheme

(6)
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The set of optimum parameters were used for the 
simulation according to the proposed model using 
the Scientist software. Standard deviations and co-
efficients of determination as measures of good-
ness-of-fit were calculated by Scientist25.

Results and discussion

Enzyme immobilization

The covalent immobilization of glucose oxi-
dase and catalase on active carrier Eupergit C was 
carried out as described previously. Eupergit C is 
porous carrier, and during the immobilization pro-
cess, approximately 75–80 % enzyme solution 
soaked onto the carrier, and consequently the mass 
of the carrier increased significantly. Success of en-
zyme immobilization is described by the content of 
enzyme, immobilisation yield, the immobilisation 
efficiency, and the activity recovery (Eqs. 1–3), as 
presented in Table 1.

The results showed that the immobilization of 
the catalase was slightly better than the immobiliza-
tion of GOD. In the literature, numerous methods 
for glucose oxidase immobilization can be found 
with great differences in their success3,8–10,12. Effi-
ciency of immobilization usually depends on the 
pH, temperature, concentration of enzyme in the 
solution before immobilization, and the time of im-
mobilization. The same method of GOD immobili-
zation on Eupergit C was used by Mislovičova et 
al.9 However, because of the lower ratio of enzyme/
carrier in the experimental procedure, the content of 
GOD on the carrier was twice lower than in our 
case. They also tested several other supports for co-
valent immobilization, and among them Eupergit C 
proved to be the best regarding operational stability. 
The adsorption on DOWEX®-anionic resins proved 
to be a very successful method for GOD immobili-
zation13. However, the results shown in Table 1 sug-
gest that this immobilization method is satisfactory 
for GOD. The advantage of immobilization on Eu-
pergit C is its simplicity. Because of its very conve-
nient features, it has been widely used as an immo-
bilization carrier in industrial applications18,26,27.

Kinetics of glucose oxidase

The glucose oxidase kinetics was determined 
using initial reaction rate method. Dependence of 
initial reaction rate on substrate concentration, i.e., 
glucose (Fig. 2a) and oxygen (Fig. 2b) was mea-
sured. Also, the impact of the product gluconic acid 
on the initial reaction rate was determined (Fig. 2c).

Kinetics of GOD was described with the 
two-substrate Michaelis-Menten model28 with com-
petitive product, i.e., gluconic acid inhibition29. The 
parameters of Michaelis-Menten’s kinetic model 

(Eq. 6) were evaluated by non-linear regression, 
and are shown in Table 2. Although not very high, 
product inhibition that was noticed in the case of 
free enzyme, was completely reduced by the immo-
bilized GOD, which is one of the benefits of immo-
bilization process30,31 and occurred probably due to 
the small distortion of the enzyme active site after 
immobilization32.

The reaction rate of a reaction catalysed by an 
immobilised enzyme is often lower than the rate of 
free enzyme. This is due to the controlling necessity 
for the substrate to diffuse from the bulk phase to 
the catalytic surface. The substrate concentration 
within the microenvironment is lower than that in 
the bulk due to its depletion by the reaction8,9. Mi-
chelis-Menten constants are evidently larger for the 
immobilized enzyme, which is in agreement for im-
mobilized catalyst. The Km in the case of immobi-
lized GOD was significantly affected. The increase 
in Km of immobilized enzyme in general can be ex-
plained as a result of diffusional limitation of the 
substrate or to conformational changes in the en-
zyme resulting in a lower affinity of the substrate 
for the enzyme33,34. It is known that kinetic proper-
ties of immobilized enzymes have been affected 
greatly due to diffusional limitations26,35 in the Eu-
pergit C as a carrier. In our case, Km of glucose was 
more than four times higher than that of free GOD. 
Approximately the same increase in Km values was 
obtained when GOD was covalently immobilized 
on magnesium silicate3. When the concanavalin 
A-triazine bead cellulose9 or poly(styrene-co-glyc-
idyl methacrylate) monodisperse fluorescent micro-
spheres36 was used as a support for immobilization 

Ta b l e  1  – Success of immobilization of GOD and catalase on 
Eupergit C

Enzyme GOD Catalase

Content of enzyme [mgGOD g
–1

wetcarrier  
or cm3

catalase
 g–1

wetcarrier]
1.571 0.063

Yield [%] 73.2 76.8

Efficiency [%] 34.5 40.2

Activity recovery [%] 25.2 30.9

Ta b l e  2  – Kinetic parameters of glucose oxidation catalysed 
by free and immobilised GOD (0.1 M phosphate buffer pH 7, 
30 °C)

Parameter Free GOD Immobilized GOD

 Vm [U mg–1] 292.092 ± 8.675 98.75 ± 5.021

glucose
mK  [mM] 19.037 ± 1.151 84.225 ± 9.341

2O
mK  [mM] 0.010 ± 0.002 0.0843 ± 0.0192

gluconic acid
iK  [mM] 30.753 ± 3.659 –
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of GOD, the extent of changes in Km was not as 
wide as in the case of Eupergit C. In the literature, 
there is a lack of data for Michaelis-Menten con-
stant for oxygen of immobilized GOD, but in our 
case, the increase by eight times can be regarded as 
significant.

Kinetics of catalase

Catalase kinetics in the reaction of hydrogen 
peroxide decomposition was determined by the ini-
tial reaction rate method by monitoring the hydro-
gen peroxide concentration spectrophotometrically 
(λ = 240 nm). Measurements were made at various 
initial concentrations of hydrogen peroxide at con-
centrations up to 50 mM (Fig. 3). Higher concentra-
tions were not considered since they were not ex-
pected in the reaction medium during the oxidation 
of glucose.

The kinetics of this reaction was described by 
the first order (Eq. 7) due to the low specificity of 
hydrogen peroxide to catalase (high values of 
 Michaelis-Menten constant)15,28,37. Estimated reac-
tion rate constants (kcatalase) were 9738.6 min–1 and 
4110.3 min–1 for free and immobilised catalase, 
 respectively.

Spontaneous hydrolysis of glucono-δ-lactone

Product of glucose oxidation catalysed by glu-
cose oxidase is glucono-δ-lactone that spontaneous-
ly hydrolyses into gluconic acid. 

In order to determine the kinetics of the sponta-
neous hydrolysis of glucono-δ-lactone, an experi-
ment was carried out in which the concentrations of 
glucono-δ-lactone and gluconic acid were moni-
tored (Fig. 4). Based on the experimental data, the 
parameters were estimated, and the kinetic model of 
reaction rate was expressed by the equation:

 1.48
3 glucono- -lactone0.0075r c d= ⋅  (15)

The reaction rate constant and the order of re-
action were estimated from experimental data. Or-
der of reaction with the value of 1.48, indicated that 

F i g .  2  – Kinetics of free (black circles) and immobilised 
 glucose oxidase (white circles) in the reaction of glucose oxida-
tion (0.1 M phosphate buffer pH 7, 30 °C). Impact of initial 
reaction rate on: a) glucose concentration (cO2

 = 0.1816 mM, 
γfree GOD = 0.26 mg dm–3, γEu–GOD = 0.04 mg cm–3); b) oxygen 
concentra tion (cglucose = 250 mM, γfree GOD = 0.26 mg dm–3,  
γEu–GOD = 0.02 mg cm–3); c) gluconic acid concentration (cO2

 = 
0.1816 mM, cglucose = 250 mM, γfree GOD = 0.26 mg dm–3, γEu–GOD = 
0.04 mg cm–3).

F i g .  3  – Kinetics of free (black circles) and immobilised 
(white circles) catalase in the reaction of hydrogen peroxide 
decomposition (0.1 M phosphate buffer pH 7, 30 °C, φfreecatalase = 
2·10–7, φEu–catalase = 4.22·10–6). Impact of initial reaction rate on 
hydrogen peroxide concentration.

(a)

(b)

(c)
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the reaction did not go directly from glucose to glu-
cono-δ-lactone, but there were some transition 
states38.

Determination of overall oxygen volumetric mass 
transfer coefficient at different air flow rates

Measurements of kLa provide important infor-
mation about aeration efficiency. Low oxygen solu-
bility can be a bottleneck in oxygen-dependent pro-
cesses. This parameter is essential to ensure that 
process conditions are such that an adequate supply 
of oxygen is available to reach desirable process 
metrics. By increasing the oxygen flow rate or by 
intensifying mixing, higher oxygen transfer rate can 
be achieved39,40.

The results of kLa determination at different air 
flow rates are presented in Table 3. kLa was deter-
mined in both reactors in which the reactions with 
immobilized and free GOD were performed. The 
differences in these types of reactors were in the 
mode of mixing and reaction volume. Results re-
vealed that the kLa value linearly depended on the 
air flow rate. Higher oxygen mass transfer in the 
reactor where immobilized enzyme was used was 
due to the smaller volume and higher liquid-air in-
terface (larger diameter) of the reactor. Estimate kLa 
values are in accordance with oxygen transfer char-
acteristics for the small reactors and the mixing 
method41.

Biotransformation of d-glucose  
to d-gluconic acid

Oxidase used oxygen as a second substrate in 
the reaction. The initial reaction rate increased with 
the oxygen concentration42. To maintain a sufficient 
amount of oxygen in the reactor, it is essential to 
ensure its supply. In some cases, aeration can cause 
enzyme inactivation, and it is usually attributed to 
the combined effect of shear rate and the presence 

of the air–liquid interface43. This combination has 
been proved to cause deactivation of some proteins 
due to their irreversible aggregation at the air–liquid 
interface44. Besides aeration, the increased oxygen 
concentration in the reactor can also cause a de-
crease in enzyme activity. This was observed with 
the enzyme carbohydrate oxidase, in which case de-
activation was not affected by increased air flow but 
only by oxygen concentration in the reactor42. Glu-
cose oxidase, according to the available data in the 
literature, shows deactivation upon oxygen concen-
tration6, as well as the presence of gas bubbles 
caused by stirring7, but there is a lack of informa-
tion considering aeration of reactor. In this work, 
we examined the impact of aeration on glucose ox-
idase stability for free and immobilized enzyme. 
Immobilization of enzyme on porous support proved 
to be successful in preventing enzyme inactivation 
caused by aeration7,14,32. Therefore, the experiments 
of glucose oxidation with free and immobilized en-
zymes were carried out at defined air flow rates.

Reactions with free GOD

Figs. 5 and 6 present the results of the experi-
ments with and without aeration catalysed by free 
GOD. In all cases, oxygen concentration was very 
low and below enzyme saturation value (< 0.01 mM). 
The experiment without aeration (Fig. 5) was done 
as a single batch, and approximately 1400 minutes 
were required to achieve complete glucose conver-
sion (50 mM). The experiments with aeration were 
performed as a repetitive batch experiment with two 
glucose additions. This type of experiment proved 
to be useful for testing the prolonged enzyme sta-
bility45. Even though oxygen concentration in the 
reactor was low, the constant air supply ensured 
considerably faster reaction. The second experiment 
(Fig. 6a, qv = 15 dm3 h–1) lasted 450 min, while the 
third one with the highest aeration level (Fig. 6c,  
qv = 30 dm3 h–1) lasted approximately 350 min.

Activity of glucose oxidase was monitored 
during the experiments and its operational stability 
decay was described by first order kinetics11 (Eq. 
14). The values of the operational stability decay 

F i g .  4  – Spontaneous hydrolysis of glucono-δ-lactone (0.1 M 
phosphate buffer pH 7, 30 °C). Black circles – glucono-δ-lac-
tone, white circles – gluconic acid, line–model.

Ta b l e  3  – Oxygen volume transfer coefficients, kLa, at differ-
ent air flow rates in the batch reactors (30 °C, 0.1 M phosphate 
buffer pH 7, immobilized enzyme: shaker, 30 cm3; free enzyme: 
magnetic stirrer, 50 cm3)

qV [dm3 h–1]
kLa [min–1]

Immobilized enzyme Free enzyme

0 0.890 0.106

15 1.625 0.933

30 2.360 1.741
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rate constants in Table 4 show an increase with the 
increase in the air flow rate, as well as with an in-
crease in kLa. Since the oxygen level was very low 
in all the experiments, it can be concluded that the 
air flow rate is critical for the enzyme activity de-
cay. This proved that the operational stability de-
crease in the case of GOD was due to the interac-
tion with gas bubbles15, meaning that aeration had 
an impact on GOD stability.

Model simulations presented in Figs. 5 and 6 
were done using proposed mathematical model 
(Eqs. 6–15) with the independently estimated kinet-
ic parameters (Table 2), operational stability decay 
constants (Table 4), and oxygen volumetric mass 
transfer coefficient (Table 3). The goodness-of-fit 
statistics provided by Scientist indicated that a satis-
fying fit was obtained (coefficient of determination 
was 0.950–0.994 and standard deviation 0.592–
1.055).

Reactions with immobilized GOD on Eupergit C

To compensate partially the loss of enzyme 
 activity during immobilization process (Table 1), 
somewhat higher GOD concentrations were used in 
these experiments, but overall activity was approxi-
mately 2.3 times lower compared with the experi-
ments catalysed by free enzyme. All experiments 
were run in the repetitive batch mode.

To avoid covalent bond breakage between en-
zyme and carrier, the experiments with immobilized 
enzyme were carried out on a shaker46 instead of 
magnetic stirrer. Due to differences in geometry of 
the reactors, oxygen transfer rate was higher in the 

experiments with the immobilized enzymes, com-
pared with the one with free GOD (Table 3) at the 
same aeration conditions. Results of the glucose ox-
idation catalysed by immobilized GOD are shown 
in Figs. 7 and 8.

F i g .  5  – Glucose oxidation catalysed by free GOD from As-
pergillus niger in the batch reactor (cglucose0 = 50 mM, γfree GOD = 
0.04 mg cm–3, φcatalase = 0.002, 0.1 M phosphate buffer pH = 7; 
30 °C; Vreactor = 50 cm3) without aeration (upper graph: black 
circle – glucose, white circles –gluconic acid, x – glucono-δ-lac-
tone; bottom graph – oxygen).

F i g .  6  – Glucose oxidation catalysed by free GOD from As-
pergillus niger in the batch reactor (cglucose0 = 50 mM, γfree GOD = 
0.04 mg cm–3, φcatalase = 0.002, 0.1 M phosphate buffer pH = 7; 
30 °C; Vreactor = 50 cm3) at the aeration level of: a) 15 dm3 h–1 b) 
30 dm3 h–1 (upper graph: black circle – glucose, white circles 
–gluconic acid, x – glucono-δ-lactone; bottom graph – oxygen).

Ta b l e  4  – Free GOD operational stability decay rate con-
stants at different aeration rates estimated from the indepen-
dent activity measurements

qv [dm3 h–1] kLa [min–1] kd [min–1]

0 0.106 1.01· 10–4

15 0.933 6.57 · 10–4

30 1.741 0.001794

(a)

(b)
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In the experiment (Fig. 7) without aeration, the 
oxygen concentration was enough to ensure satisfy-
ing reaction rate due to higher oxygen transfer, and 
because of the fact that the experiment with the im-
mobilized enzymes lasted three times shorter than 
that with the free enzyme (Fig. 5). Differences in 
kLa values were not so pronounced at higher air 
flows. Despite lower activity of the enzyme in the 
reactor, reactions with immobilized enzymes lasted 
shorter (Fig. 8) or the same as that with the free 
enzyme (Fig. 6). The reason for this is better oxy-
gen transfer and lower enzyme operational decay 
rates. The operational decay rate constants were es-
timated from independent activity measurement 
(Table 5).

According to results of the operational decay 
rate constants (Tables 4 and 5), a significant posi-
tive impact of immobilization process on GOD sta-
bility at higher flow rates was observed. At a flow 
rate of 15 and 30 dm3 h–1, kd was reduced by 5 and 
13 times, respectively. Decrease in kd in the experi-
ment without aeration was not so prominent, but 
these experiments are hard to compare. In experi-
ment with immobilized enzyme, the kLa was almost 

nine times higher than in the same experiment with 
the free enzyme. This enabled higher oxygen level 
in the reactor and consequently a faster reaction. 
Due to previous findings6, stability of GOD is also 
affected by the oxygen presence in the reactor. Ac-
cording to our results, the immobilization of GOD 
on Eupergit proved to be successful in eliminating 
this negative effect on its stability.

Proposed mathematical model (Eqs. 6–15) and 
the independently estimated kinetic parameters 
 (Table 2), operational stability decay constants 
 (Table 5), and oxygen volumetric mass transfer co-
efficient (Table 4), well-described the reactions cat-
alysed by immobilized enzyme (coefficient of de-
termination was 0.930–0.991 and standard deviation 
0.605–1.105) (Figs. 7 and 8).

F i g .  7  – Glucose oxidation catalysed by immobilized GOD 
from Aspergillus niger in the batch reactor (cglucose0 = 30–40 mM, 
γEu– GOD = 0.05 mg cm–3, φEu–catalase = 0.002, 0.1 M phosphate 
buffer pH = 7; 30 °C; Vreactor = 30 cm3) without aeration (upper 
graph: black circle – glucose, white circles –gluconic acid, x 
– glucono-δ-lactone; bottom graph – oxygen).

F i g .  8  – Glucose oxidation catalysed by immobilized GOD 
from Aspergillus niger in the batch reactor (cglucose0 = 30–40 mM, 
γEu– GOD = 0.05 mg cm–3, φEu–catalase = 0.002, 0.1 M phosphate 
buffer pH = 7; 30 °C; Vreactor = 30 cm3) at the aeration level of: 
a) 15 dm3 h–1 b) 30 dm3 h–1 (upper graph: black circle – glucose, 
white circles –gluconic acid, x – glucono-δ-lactone; bottom 
graph – oxygen).

(a)

(b)

Ta b l e  5  – Immobilized GOD operational stability decay rate 
constants at different aeration rates estimated from the inde-
pendent activity measurements

qv [dm3 h–1] kLa[min–1] kd [min–1]

0 0.890 8.89· 10–5

15 1.625 1.31 · 10–4

30 2.360 1.36 · 10–4
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Considering the obtained results, it can be con-
cluded that immobilization of GOD on Eupergit C 
leads to its enhanced stability toward aeration and 
oxygen concentration in the reactor. The positive 
stability impact of immobilised enzyme is more 
pronounced at higher flow rates that contribute to a 
faster glucose oxidation reaction catalysed by glu-
cose oxidase. A possible explanation why immobili-
zation prevents enzyme operational stability decay 
is a diffusional limitation of oxygen to enzyme ac-
tive site, which is evident from the increase in K O2

m 
value for immobilized enzyme (Table 2). By this 
impact of oxygen as well, the oxygen bubble on the 
enzyme stability is decreased14.

Besides immobilization, the impact of aeration 
on enzyme stability can be reduced by using several 
bubbleless oxygenation methods. These techniques 
include dynamic membrane aeration47, use of redox 
me diator that is regenerated by laccase2 or the new 
technology involving oxygen photosynthesis by 
 water oxidation catalysed by alkane monooxygen-
ase48.

Conclusion

The reaction rate of GOD is increased by aera-
tion, but the stability of the free enzyme decreases 
due to the interaction with gas bubbles. The enzyme 
deactivation rate increases with the air flow rate. 
The immobilization of GOD on the porous carrier 
Eupergit C has been shown to be very effective for 
enzyme stabilization at the high aeration level. En-
zyme immobilization lowered activity and affinity 
towards substrates (glucose and oxygen), as well 
eliminated gluconic acid (product) inhibition in the 
reaction of glucose oxidation. The reactions in the 
batch reactor were very well described by the de-
veloped math ematical model with estimated kinetic 
parameters and operational stability decay con-
stants.

L i s t  o f  s y m b o l s

AS – specific activity of enzyme, U mg–1, U cm–3

c – concentration, mM
c* – saturation concentration, mM
k – reaction rate constant of the first order, min–1

kn – reaction rate constant of the n order,  
min–1 mM1–n

kd – operational stability decay rate constant of 
the first order, min–1

kLa – oxygen volume transfer coefficient, min–1

Ki – inhibition constant, mM
Km – Michaelis constant, mM
η – order of the reaction, –

qv – air flow rate, dm3 h–1

r – reaction rate, mM min–1

Vm – maximal specific activity of enzyme, maxi-
mal reaction rate, U mg–1

Vreactor  – reactor volume, cm3

t – time, min
j – volume concentration, cm3 cm–3

γ – mass concentration, mg cm–3

A b b r e v i a t i o n s

Eu – Eupergit C
GOD – glucose oxidase
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