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Introduction

D-Amino acid oxidases (DAAOs) have an im-
portant role in several processes of interest in the 
fine chemical and pharmaceutical industry for drug 
discovery. They are used in the production of opti-
cally pure L-amino acids1 and unnatural amino ac-
ids2, and the production of 7-aminocephalosporanic 
acid (7-ACA)2,3 which is a precursor of antibiotics 
with annual demand of approximately 100 t world-
wide3. Therefore, DAAO stability is an important 
property for its industrial application.

Potential industrial use of enzymes in general 
is often limited by their instability under operating 
conditions. Consequently, enzyme properties have 
to be improved before their implementation at in-
dustrial scale4. Available stabilization strategies5 are 
immobilization6, protein engineering4 or chemical 
modification7, medium engineering by using addi-
tives, screening for enzymes from extremophiles 
and their isolation, as well as the production of sta-
ble enzymes in genetically manipulated mesophilic 
organisms.

Besides stabilization, enzyme immobilization 
enables several benefits for the industrial process, 
such as simplified product purification and easy en-
zyme recovery. It can also enable masking of sensi-

tive enzyme residues against chemical reagents. 
This can be achieved by immobilization of enzyme 
on supports having large internal surfaces. In that 
case, the immobilized enzyme is in close contact 
with large support surface and may become less ac-
cessible to deleterious reagents6. This might also be 
useful for protection of oxidases against air bub-
bles4 which may promote enzyme inactivation8,9. 
The literature data suggests that gas bubbles cannot 
inactivate the enzymes immobilized on porous sup-
port10,11 and that is why such support was chosen for 
this work12–14. In our previous work14 operational 
stability of soluble porcine kidney DAAO was in-
vestigated during D-methionine oxidative deamina-
tion (Fig. 1) in the presence and absence of aera-
tion. It was found that DAAO’s activity decreases 
during oxidation and that oxygen concentration in 
the reaction solution affects the rate of enzyme ac-
tivity decay; even though aeration is crucial to 
achieve higher reaction rates and to shorten the re-
action time. The operational stability decay was the 
result of the combined effect of shear stress at the 
air-liquid interface, which may induce an irrevers-
ible aggregation of proteins and a negative effect of 
oxygen, which may lead to oxidation of protein res-
idues.14 The topic of this work was therefore the in-
vestigation of the operational stability of immobi-
lized porcine kidney DAAO. DAAOs of various 
origin were immobilized15,16 on different supports 
with remarkable results. For example, a 600-fold 
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improvement of stability was achieved for Trigon-
opsis variabilis DAAO by immobilization that 
combined adsorption on a support coated with poly-
ethylenimine and treatment with glutardialdehyde15. 
However, as noticed by other authors16, a compre-
hensive analysis of operational stability of immobi-
lized enzyme is most often missing. Thus, in this 
report the authors have focused on this topic, and 
not on the optimization of the immobilization pro-
cedure itself, although some groups of authors re-
ported thorough studies on stability of immobilized 
enzyme6,15,17,18.

DAAO was immobilized on Eupergit C in this 
work. Operational stability of immobilized enzyme 
at different aeration conditions was investigated in 
the reaction of D-methionine oxidative deamination 
(Fig. 1). Kinetic constants of immobilized enzyme 
were compared to that of soluble enzyme. Mathe-
matical model of D-methionine oxidative deamina-
tion catalyzed by the immobilized enzyme was de-
veloped and validated in the batch reactor using 
estimated kinetic constants of immobilized enzyme. 
It enabled a more precise analysis of the experimen-
tal results and estimation of operational stability de-
cay rate constant where necessary.

Experimental

Chemicals

Catalase from Micrococcus lysodeikticus (dark 
brown solution, 65,000-150,000 units cm–3 towards 
hydrogen peroxide, E.C. 1.11.1.6), o-dianisidin 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 purchased from 
Fluka, Germany. D-Methionine, 2-oxo-4-methylth-
iobutyric acid, D-amino acid oxidase from porcine 
kidney (powder, ≥1.5 units mg–1 to D-alanine, E.C. 
1.4.3.3) and peroxidase from horse radish (lyo-
philized powder, 250–330 units mg–1 solid using 
pyrogallol, E.C. 1.11.1.7) were purchased from Sig-
ma Aldrich, Germany. Na2HPO4 and KH2PO4 were 
purchased from Kemika, Croatia. Nitrogen was pur-
chased from Messer, Croatia.

HPLC analysis

D-Methionine and 2-oxo-4-methylthiobutanoic 
acid were determined by HPLC (Shimadzu) with a 

reverse phase C18 column (125 x 4 mm) – LiChro-
sorb® and UV detector at 210 nm. The mobile phase 
was water solution of perchloric acid pH 2.10–2.1519 
at the flow rate of 0.9 cm3 min–1. The analysis was 
performed at 30 °C. Standard solutions were pre-
pared by dissolving appropriate masses of the D-me-
thionine and 2-oxo-4-methylthiobutyric acid in re-
distilled water. Samples taken from the reactor were 
diluted with hydrochloric acid (0.1 mol dm–3). Re-
tention times of D-methionine and 2-oxo-4-methyl
thiobutanoic acid were 2.7 and 9.3 minutes, respec-
tively.

Determination of oxygen concentration 
in the reactor

Oxygen concentration was monitored by using 
the Clark oxygen electrode (Ingold, model 
34,100,3002 Metler Toledo). The oxygen saturation 
level, shown as a percentage, was recalculated to 
mmol dm–3 of oxygen by using literature data20. 
Conductivity of the reaction solution was deter-
mined for that purpose (20.4 mS cm–1) at 30 °C. 
The reaction solution consisted of buffer, substrate, 
product and immobilized enzymes. The electrode 
was immersed in the solution during the experi-
ments. Oxygen concentration at saturation was 
0.219 mmol dm–3. The reactor set-up is described in 
detail in section entitled Reactor experiments.

Determination of protein concentration

Protein concentration in soluble DAAO and 
catalase samples was determined according to Brad-
ford21. Albumin from bovine serum was used as 
standard. The method was used to determine the 
amount of protein in the initial sample prepared for 
immobilization, as well as the amount of proteins 
after immobilization.

D-Amino acid oxidase activity assay 
for the soluble enzyme

The DAAO enzyme kinetics of the soluble 
enzyme was measured according to the peroxi-
dase-o-dianisidin assay22. The reaction mixture con-
tained buffer-substrate solution (10 mmol dm–3 
D-methionine), phosphate buffer (pH 8.0, 0.2 mol 
dm–3), o-dianisidin (23.2 mmol dm–3), peroxidase 
(20 mg cm–3) suspended in ammonium sulphate 
solution (3.2 mol dm–3), and DAAO solution (0.022 
mg cm–3) to the final volume of 1 cm3. The mixture 
was pre-incubated at 30 °C for 5 min, and the reac-
tion was started by adding the DAAO enzyme solu-
tion. Brown coloring had formed due to the reaction 
between hydrogen peroxide and o-dianisidin, which 
was measured via spectrophotometer (Shimadzu 
UV 1601) at 436 nm. The enzyme assay was used 
to determine the enzyme kinetic parameters of the 

F i g .  1  – Reaction scheme
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soluble enzyme at pH 8, and to compare them with 
the immobilized enzyme. One unit of soluble D-ami-
no acid oxidase activity was defined as the amount 
of enzyme necessary to perform oxidative deami
nation of 1 µmol of D-methionine per minute in 
0.2 mol dm–3 phosphate buffer pH 8.0 and at 30 °C. 
The details of the experiments are described in 
our  previous work done with the soluble porcine 
kidney DAAO, and are therefore not presented 
here14.

Procedure for immobilization of DAAO

D-Amino acid oxidase from porcine kidney 
and catalase from Micrococcus lysodeikticus were 
covalently immobilized on Eupergit C23. The en-
zymes were immobilized on the carrier according to 
the typical procedure, as follows: 10.1 mg of por-
cine kidney DAAO powder was mixed with 200 mg 
of Eupergit and 2.5 cm3 of activation buffer 
(0.2 mol dm–3 phosphate buffer pH 8.0) for 68 h at 
100 rpm and at 25 °C in a closed vessel. Similarly, 
1.38 cm3 of Micrococcus lysodeikticus catalase was 
mixed with 200 mg of Eupergit and 1.5 cm3 of the 
activation buffer for 68 h at 100 rpm and at 25 °C 
in another closed vessel. The immobilized DAAO 
and catalase were used in batch reactor experiments 
carried out with and without aeration. The immobi-
lized enzymes were washed with phosphate buffer 
(pH 8.0, 0.01 mol dm–3) and filtered through a filter 
paper (grade 1), and the protein concentration in the 
filtrate was measured according to the Bradford 
method21. The overall percentage of protein immo-
bilization in all cases was calculated according to 
the immobilized protein concentration divided by 
the initial protein content. Immobilization efficien-
cy was defined as the ratio of actual enzyme activi-
ty measured for the immobilized enzyme and the 
theoretically expected value (activity of the same 
amount of soluble enzyme). Actual enzyme activity 
is the activity of the immobilized enzyme deter-
mined by the initial reaction rate method, while the 
theoretically expected value corresponds to the ac-
tivity of the same amount of soluble enzyme. The 
immobilization efficiency, as well as the overall 
percentage of protein immobilization are given in 
the results for each experiment, as well as in the 
figure legends for each experiment, and are in good 
agreement regarding reproducibility of the immobi-
lization procedure.

Reactor experiments

D-Methionine oxidative deamination experi-
ments were carried out in a 50-cm3 batch reactor 
supplied with a magnetic stirrer and thermostated at 
30 °C (Fig. 2) without aeration, and with aeration at 
zero, 5, and 10 dm3 h–1 air flow rates. The reactor 

was a round-bottom Schott Duran glass bottle with 
100 cm3 capacity, 56 mm diameter, height 105 mm, 
and DIN-Thread GL 45. The air flow rate was ad-
justed by using the air flow meter. The reaction me-
dia was 0.2 mol dm–3 phosphate buffer pH 8.0. The 
oxygen concentration in the 50 cm3 reactor was 
monitored by using the Clark oxygen electrode (In-
gold, model 34,100,3002 Metler Toledo). The reac-
tor was placed on the magnetic stirrer at 600 rpm. 
Aeration, respectively the oxygen supply, was per-
formed by using an air compressor (Super Silent 
Profi 66, Rheinland Elektromaschinen Group, Ger-
many). The defined amount of fresh immobilized 
DAAO and catalase were added to the reactor to 
start the reaction. Concentrations of D-methionine, 
2-oxo-4-methylthiobutyric acid and oxygen were 
monitored by the previously described methods. 
Detailed reaction conditions are presented in the 
legends of Figs. 3–5. The same reactor set-up was 
used to determine the overall oxygen volume trans-
fer coefficient. These experiments were carried out 
at zero, 5, 10, and 15 dm3 h–1 flow rates. Air was 
supplied through the perforated plastic ring air dis-
tributor of diameter 3 cm containing 15 uniformly 
distributed holes with a diameter 0.7 mm as shown 
in Fig. 2.

Determination of the overall oxygen volume transfer 
coefficient (kLa’) by the integral method

The overall oxygen volume transfer coefficient 
(kLa’) was estimated from the measurements carried 
out at zero air flow rate, and 5, 10 and 15 dm3 h–1, 
respectively in the previously described experimen-
tal set-up. The integral method based on the oxygen 
mass balance in the batch reactor (Eq. 1) was used 
for that purpose. The following procedure was used: 
the oxygen was completely removed from the solu-
tion by purging with nitrogen. After its concentra-
tion had dropped to zero, the aeration started at the 

F i g .  2 	–	 Experimental set-up of the batch experiments with 
and without continuous aeration
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selected air flow rate. The concentration of oxygen 
started to rise and from its time dependence, the ox-
ygen volume transfer coefficient was estimated. 
The reaction solution contained 400 mg of enzyme 
carrier (without enzyme) to closely replicate the re-
action conditions. No air flow was used to deter-
mine the kLa’ at zero flow rate. The oxygen was 
removed from the reaction solution at the begin-
ning, and then the process of oxygen saturation in 
the solution was monitored in time. By using the 
oxygen balance (Eq. 1), kLa’ at zero flow rate was 
estimated.
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Kinetics of the immobilized D-amino acid oxidase

The kinetics of the immobilized enzyme was 
measured according to the initial reaction rate method. 
The reaction rate was determined with 10 mmol dm–3 
D-methionine as a substrate. The substrate concen-
tration was monitored by HPLC in the initial part of 
the reaction (conversion less than 10 %). The spe-
cific activity of immobilized enzyme was deter-
mined from these data according to the Eq. 2. For 
the purpose of kinetics determination, the influence 
of substrates (D-methionine and oxygen) and prod-
uct (2-oxo-4-methylthiobutyric acid) on the initial 
reaction rate was evaluated. To determine the influ-
ence of each compound on the initial reaction rate, 
one set of experiments was carried out. In each set 
of experiments, the initial concentration of one 
compound (D-methionine, oxygen or 2-oxo-4-
methylthiobutyric acid) was changed and the reac-
tion was monitored in its initial part (substrate con-
version less than 10 %). The amount of immobilized 
DAAO used in these experiments was 10 mg. The 
concentration of D-methionine was varied in the first 
series of batch experiments up to 10.319 mmol dm–3 
with 7 experimental points. The batch experiments 
were carried out for 30 minutes, and all were done 
in triplicate. The experimental error was below 
10 %. Prior to the initialization of experiments, the 
solution containing the buffer and substrate was sat-
urated with air. When measuring the influence of 
2-oxo-4-methylthiobutyric acid on the initial reac-
tion rate in the second series of experiments, the 
initial concentration of D-methionine was 10.002, 
and of oxygen 0.219 mmol dm–3, respectively. 
2-Oxo-4-methylthiobutyric acid was varied up to 
10.021 mmol dm–3 with 8 experimental points. The 
specific activity of immobilized enzyme was calcu-
lated from the initial linear slope of the product 
concentration vs time curve by using the Eq. 2.
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The oxygen concentration in the reaction solu-
tion was varied in the third series of batch experi-
ments up to saturation i.e., 0.219 mmol dm–3. The 
initial concentration of D-methionine in these exper-
iments was 10.002 mmol dm–3. The oxygen concen-
tration was adjusted by using nitrogen (nitrogen 
was used to lower the oxygen concentration and air 
was used to increase it) and air compressor. After 
the initial concentration of oxygen was set, the reac-
tion was started by the addition of 10 mg of immo-
bilized DAAO. The oxygen concentration was 
monitored in the initial part of the experiment, to 
determine the initial reaction rate. From the concen-
tration change during that time, the value of the ini-
tial reaction rate was estimated. Eq. 3 was used for 
that purpose. The equation indicates that oxygen 
dissolves in the reaction solution during the reaction 
( k a c cL O O0 2 2

' *( )⋅ − ), and it is spent at the same time 
due to the enzyme catalyzed reaction (–r0).
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D-Methionine oxidative deamination 
in the batch reactor

D-Methionine conversion experiments were 
carried out in a reactor, which worked as single and 
repetitive batch. The details of the experimental set-
up of the single batch are described in section enti-
tled Reactor experiments. After the initial D-methi-
onine concentration was spent in the repetitive 
batch experiments, the reaction solution was filtered 
and the immobilized enzyme separated, washed 
with 10 mmol dm–3 phosphate buffer pH 8.0, and 
subsequently reused in the next batch experiment. 
The enzyme was added to the newly prepared 
D-methionine solution in buffer, i.e. second or third 
batch experiment in the same reactor. The concen-
trations of substrate are presented in detail in the 
legends of Figs. 4 and 5.

Mathematical model and data processing

The overall reaction rate of D-methionine 
oxidation catalyzed by DAAO in the presence of 
catalase was described with a simplified double 
substrate Michaelis-Menten equation (the reaction 
rate r – Eq. 4). Considering that the estimated value 
of Michaelis constant for oxygen is quite high in 
comparison to the concentration of saturation, a 
simplification of the kinetic model expressed by 
Eq.  5 was done. Kinetic equation 6 presents the 
reaction rate of hydrogen peroxide degradation. 
Hydrogen peroxide evolves in the reaction of D-me-
thionine oxidative deamination, which is described 
by the reaction rate r, and it is degraded in the cat-
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alase catalyzed reaction described by the reaction 
rate r1.

Since the mechanism of the enzyme activity 
decay was not studied, the simplest first-order ki-
netic model was used to describe the enzyme activ-
ity decay (Eq. 7). Mass balances for D-methionine 
and 2-oxo-4-methylthiobutyric acid in the batch re-
actor are presented by Eqs. 8 and 9. The mass bal-
ance for oxygen is presented by the Eq. 10, and it 
can be divided into three separate parts; oxygen is 
spent in the enzyme catalyzed reaction; oxygen dis-
solves in the reaction solution and the rate of the 
process is described by the oxygen volume transfer 
coefficient; and oxygen evolves in the reaction of 
hydrogen peroxide degradation. The mass balance 
for hydrogen peroxide is presented by the Eq. 11.
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The model parameters were estimated by 
non-linear regression analysis and optimized by us-
ing Simplex and Least Squares method implement-
ed in SCIENTIST software24. They were evaluated 
by fitting the mathematical model to the experimen-
tal data. A non-linear least squares fitting was per-
formed using a modified Powell algorithm to find a 
minimum of the sum of squared deviations between 
observed data and model calculations. The expres-
sion for calculating the sum of squared deviation is 

presented by the following equation: y yi
i

n

−

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where n is the number of data points and y  is the 
algebraic mean of the y data column.

The “Episode” algorithm implemented in 
SCIENTIST software was used for simulations. Ki-

netic parameters Km, Vm and Ki were estimated by 
performing different initial reaction rate experi-
ments, and by using the non-linear regression: Km 
and Vm were estimated from the initial reaction rate 
vs substrate concentration, Ki from the initial reac-
tion rate vs product concentration. The linear part of 
the concentration vs time curve was taken to calcu-
late the initial reaction rate. Operational stability 
decay rate constant, kd, was estimated directly from 
the batch experiments in which activity decay was 
present (Fig. 3, third batch; Fig. 4, fourth batch). 
Otherwise, the mathematical model of the system 
was used only for simulation of experimental data. 
The goodness of fit is evaluated by the calculation 
of statistical data such as: R2, correlation, coeffi-
cient of determination, standard deviation of data, 
model selection criteria etc., which are all available 
and calculated by the SCIENTIST software. These 
values are presented in the results for each experi-
ment in the batch reactor carried out with and with-
out aeration.

Results and discussion

Overall oxygen volume transfer coefficient

The overall oxygen volume transfer coeffi-
cients were estimated from the independent ex
perimental data in the absence of enzymatic reac-
tion at different air flow rates, and are presented 
in Table 1. kLa’ is an important parameter used in 
simulations of the experiments carried out in the 
batch reactor. The estimated values show that the 
system is suitable for D-methionine oxidation by 
DAAO.

F i g .  3 	–	 D-Methionine oxidative deamination in the batch re-
actor without aeration catalyzed by immobilized D-amino acid 
oxidase from porcine kidney and catalase (Vreactor = 50 cm3, 
cD-met = 9.03 mmol dm–3, 30 °C, 0.2 mol dm–3 phosphate buffer 
pH 8.0, n = 600 rpm). Immobilization efficiency and the overall 
percentage of protein immobilization were 12.0 and 96.0 %, 
respectively for DAAO. 10.1 mg of DAAO was weighed for im-
mobilization. Overall percentage of protein immobilization for 
1.38 cm3 catalase was 84.1 %. Legend: circles – D-methionine 
concentration, squares – 2-oxo-4-methylthiobutyric acid con-
centration, triangles – oxygen concentration.
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Ta b l e  1 	–	Estimated oxygen volume transfer coefficients at 
different aeration conditions

qv [dm3 h–1] kLa [min–1]
  0 0.0189 ± 0.0003
  5 0.2600 ± 0.0078
10 0.3800 ± 0.0537
15 0.4466 ± 0.0047

D-Amino acid oxidase kinetics – 
Soluble vs immobilized enzyme

Table 2 presents the estimated kinetic parame-
ters for the soluble and immobilized enzyme. The 
kinetic parameters of soluble enzyme estimated in 
this work at pH 8 are compared with the parameters 
obtained for immobilized enzyme. The efficiency of 
protein immobilization was about 96 % and DAAO 
retained approximately 11.3 % of initial activity of 
soluble enzyme (immobilization efficiency). This 
was expected due to the formation of covalent 
bonds, which are non-selective and may destroy the 
active site of the enzyme25. Immobilized enzyme 
had 5.8 fold higher apparent Michaelis constant for 
D-methionine, which implies that it had lost its af-
finity towards this substrate. As for oxygen, it was 
found that the dependence of specific activity on 
oxygen concentration can be described by the linear 
relationship, i.e. first-order kinetic model, and that 
is why there is no Michaelis constant for oxygen in 
Table 2. The kinetic constant k represents the reac-
tion rate constant of the first order. The active site 
of enzyme probably became less available to sub-
strates (due to immobilization), and that is the rea-
son for lower affinity towards O2.

25 It was also 
found that the immobilized enzyme was not inhibit-
ed by 2-oxo-4-methylthiobutyric acid. The literature 
confirms that immobilization can minimize or pre-
vent enzyme inhibition4, which in our case is prob-
ably due to small distortion of the enzyme active 
site after immobilization. By knowing these param-
eters, it can be concluded that air (oxygen) satura-
tion concentration will not be enough to reach max-
imum reaction rate in the reactor, and aeration is 
necessary. Considering the gathered data, a kinetic 
model has been proposed for oxidative deamination 
of D-methionine in the form of simplified double 
substrate Michaelis-Menten kinetics (Eq. 4).

Ta b l e  2 	–	Comparison of estimated kinetic parameters of 
soluble and immobilized enzyme

Parameter Unit Soluble enzyme Immobilized enzyme
Vm U mg–1 4.260 ± 0.127 0.481 ± 0.044
Km

D–met mmol dm–3 0.275 ± 0.064 1.604 ± 0.396
Ki

2–oxo mmol dm–3 0.201 ± 0.046 –
Km

O2 mmol dm–3 0.096 ± 0.010 –
k min–1 – 1.437 ± 0.135

D-Methionine oxidative deamination 
in the batch reactor catalyzed by DAAO 
from porcine kidney

Experiment without aeration

In our previous work, soluble DAAO was 
completely inactivated in the batch experiment 
without aeration after approximately 18 hours14. 
This time was significantly shorter when the oxygen 
concentration was increased above 0.1 mmol dm–3 
(approx. 50 % of oxygen saturation)14, which nor-
mally happens when amino acid concentration low-
ers (near the end of reaction), and the reaction rate 
decreases. The dissolution of oxygen from air con-
tinues and oxygen cannot be spent because the oth-
er substrate is almost gone. Thus, it was shown by 
our previous work14 that the concentration of oxy-
gen in the reactor is an important factor for DAAO 
stability. Consequently, the enzyme was immobi-
lized and its operational stability was tested at sim-
ilar conditions. The efficiency of protein immobili-
zation for DAAO and catalase was found to be 
96  % and 84 %, respectively. The immobilization 
efficiency of DAAO was 12 %. The results present-
ed in Fig. 3 show that the oxygen concentration 
dropped very fast at the beginning of the experi-
ment, and remained low until D-methionine was 
almost spent. It took 10 hours to reach 100 % 
D-methionine conversion. The reaction rate is limit-
ed by oxygen concentration, and its dissolution in 
the reaction solution. Therefore, aeration is neces-
sary to increase the reaction rate. The mathematical 
model (kinetic equations 4 and 6, mass balance Eqs. 
8–11) simulated the data well. This was confirmed 
by the statistical data calculated by the software 
presented in Table 3. Operational stability decay 
was not included in the mathematical model, as it 
did not occur. Under conditions with no oxygen 
(air) supply, the dissolved oxygen concentration in-
creased after approximately 500 min (Fig. 3). This 
was expected, since oxygen is no longer spent in 
the reaction.

Ta b l e  3 	–	Statistical data for the developed mathematical 
model – experiment without aeration

Experiment – 0 dm3 h–1 1st batch

R2 0.982

Correlation 0.990

Coefficient of determination 0.964

Standard deviation of data 0.563

Model selection criteria 3.260
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Experiments with continuous aeration 
at air flow rate of 5 dm3 h–1

DAAO from porcine kidney is an enzyme ex-
tremely sensitive to aeration and oxygen concentra-
tion in the reaction solution, and the enzyme opera-
tional stability decay rates are so high that, in some 
cases, complete D-methionine conversion cannot be 
achieved14. Immobilized DAAO and catalase were 
used in the repetitive batch experiment of D-methi-
onine oxidative deamination with continuous aera-
tion at 5 dm3 h–1. The overall percentage of immobi-
lized proteins for DAAO and catalase was 96 % and 
84 %, respectively. The immobilization efficiency 
for DAAO was 10.2 %. The results are presented in 
Fig. 4. Oxygen concentration drops at the beginning 
of the experiment but not as low as in the experi-
ment without aeration. The initial reaction rates 
were calculated from the experimental data (Fig. 4) 
in each batch, and are presented in Table 4. There 
was no significant difference between these values 
for the immobilized enzyme, so it can be stated that 
the enzyme had stabilized. However, if the initial 
reaction rates in this experiment are compared with 
the one estimated from the batch experiment carried 
out with soluble enzyme (Table 4), it can be con-
cluded that the enzyme activity was significantly 
lowered by the immobilization procedure. Never-
theless, the immobilization procedure improved en-
zyme stability against damage made by gas/liquid 
interface14. The experiments were simulated with 
the developed mathematical model (kinetic equa-
tions 4 and 6, mass balance equations 8–11), and 
the model described the experimental data well in 
the first two batches. However, to simulate the third 
batch, enzyme operational stability decay of the 
first order (Eq. 7) was introduced, and such mathe-
matical model described the data well. The statisti-
cal data for the model are presented in Table 5, and 
the difference in goodness of fit in the cases without 
deactivation and with deactivation can be observed. 
The operational stability decay can be also observed 
from the duration of batches, since the initial con-
centration of D-methionine was similar in all exper-
iments. In the first and the second batch, it took 

about 220 minutes to convert all D-methionine to 
2-oxo-4-methylthiobutyric acid. In the third batch, 
this time was somewhat prolonged to 240 minutes 
(Fig. 4). The enzyme operational stability decay 
rate constant was estimated, and is presented in Ta-
ble 6. Compared to the inactivation of the soluble 
enzyme, the enzyme activity decay of immobilized 
enzyme was 3.5 slower in the third experiment14. It 
has to be emphasized here that the immobilized en-

F i g .  4 	–	 D-Methionine oxidative deamination in the batch re-
actor with continuous aeration at 5 dm3 h–1 catalyzed by sepa-
rately immobilized D-amino acid oxidase from porcine kidney 
and catalase (Vreactor = 50 cm3, cD-met = 10.20 (1st batch); 9.96 
(2nd batch); 10.00 (3rd batch) mmol dm–3, 30 °C, 0.2 mol dm–3 
phosphate buffer pH 8.0, n = 600 rpm). Immobilization effi-
ciency and the overall percentage of protein immobilization 
were 10.0 % and 96.1 %, respectively for DAAO. 10.2 mg of 
DAAO was weighed for immobilization. Overall percentage 
of  protein immobilization for 1.38 cm3 catalase was 84.3 %. 
Legend: circles – D-methionine concentration, squares – 
2-oxo-4-methylthiobutyric acid concentration, triangles – oxy-
gen concentration.Ta b l e  4 	–	Comparison of estimated enzyme specific activities 

during repetitive use of immobilized enzyme in the 
experiments with continuous aeration at 5 dm3 h–1 
with the initial reaction rate in the experiment car-
ried out with soluble enzyme

Enzyme form SA [U mg–1]

Soluble 4.12

Immobilized –1st batch 0.42

Immobilized –2nd batch 0.39

Immobilized –3rd batch 0.39
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zyme started to deactivate after more than 440 min-
utes of operation in the reactor (repetitive batch ex-
periment, Fig. 3, after the second batch), while the 
operational stability decay of the soluble enzyme 
occurred instantaneously after the beginning of the 
experiment14.

Ta b l e  5 	–	Statistical data for the developed mathematical 
model – experiment at 5 dm3 h–1

Experiment 
– 5 dm3 h–1

1st 
batch

2nd 
batch

3rd 
batch

3rd batch model 
with deactivation

R2 0.993 0.976 0.993 0.997

Correlation 0.994 0.980 0.995 0.997
Coefficient 
of determination 0.987 0.959 0.987 0.994

Standard deviation 
of data 0.423 0.760 0.452 0.283

Model selection 
criteria 4.323 3.126 3.968 5.037

Ta b l e  6 	–	Enzyme decay rate constants of the immobilized 
DAAO estimated from the batch experiments car-
ried out with continuous aeration

Experiment kd [min–1]

3rd batch – 5 dm3 h–1 0.003587 ± 0.000428 

4th batch – 10 dm3 h–1 0.005833 ± 0.000593 

Experiments with continuous aeration 
at air flow rate of 10 dm3 h–1

The results of the conversion experiment are 
presented in Fig. 5. Overall percentages of immobi-
lized proteins used in this experiment were 98 % 
and 55 % for DAAO and catalase, respectively. Im-
mobilization efficiency of DAAO was 12.3 %. Four 
consecutive experiments were carried out with these 
immobilized enzymes. The immobilized enzyme 
was found to be stable according to the initial reac-
tion rates estimated from the experimental data pre-
sented in Table 7. In four consecutive experiments, 
the initial enzyme activity was constant.

The mathematical model (kinetic equations 4 
and 6, mass balance equations 8–11) was used to 
simulate the data. It was successful in the first three 
batches. During the fourth batch, experiment en-
zyme activity decay of the first order (Eq. 7) had to 
be included in the model to describe the experimen-
tal data well. The statistical data related to the good-
ness of fit are presented in Table 8, and the differ-
ence between the model with and without enzyme 
activity decay can be observed. This shows that, 
even though the initial reaction rates were similar, a 
slight operational stability decay occurred. This op-

F i g .  5 	–	 D-Methionine oxidative deamination in the batch re-
actor with continuous aeration at 10 dm3 h–1 catalyzed by sep-
arately immobilized D-amino acid oxidase from porcine kidney 
and catalase (Vreactor = 50 cm3, cD-met = 9.58 (1st batch); 8.20 
(2nd batch); 7.84 (3rd batch); 8.45 (4th batch); mmol dm–3, 30 °C, 
0.2 mol dm–3 phosphate buffer pH 8.0, n = 600 rpm). Immobili
zation efficiency and the overall percentage of protein immobi-
lization were 12.3 % and 98 %, respectively for DAAO. 10.1 mg 
of DAAO was weighed for immobilization. Overall percentage 
of protein immobilization for 1.38 cm3 catalase was 85.0 %. 
Legend: circles – D-methionine concentration, squares – 2-oxo-
-4-methylthiobutyric acid concentration, triangles – oxygen 
concentration.
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erational stability decay can also be observed from 
the time necessary to convert all D-methionine. In 
the first three batches, it took approximately 150 
minutes for this to occur, while in the fourth batch, 
a longer time was necessary. The operational stabil-
ity decay rate constant is presented in Table 6. If it 
is compared to the enzyme operational stability de-
cay rate constant of the soluble enzyme at the same 
conditions, the constant for the immobilized en-
zyme is 4.1-fold lower14. Besides that, enzyme op-
erational stability decay was noticed after approxi-
mately 10 hours of continuous use.

Ta b l e  9 	–	Volume productivities in the experiments

Air flow rate [dm3 h–1] Volume productivity [mmol dm–3 h–1]

  0 0.83

  5 2.75

10 3.32

Comparison of volume productivities 
in the conducted experiments

From the data presented in Figs. 3–5, the vol-
ume productivities were calculated by dividing the 
mmoles of the synthesized α-keto acid by the reac-
tion volume and the time necessary to achieve full 

substrate conversion. The results presented in Table 
9 show that aeration increased the reactor produc-
tivity, and the highest was achieved when the air 
flow rate was at 10 dm3 h–1.

Conclusion

It was shown that immobilization of porcine 
kidney DAAO on particles of Eupergit C can be 
used to stabilize DAAO against inactivation on the 
air/liquid interface. The enzyme’s affinity towards 
substrates (D-methionine and oxygen) had been 
lowered after immobilization. The developed math-
ematical model described the data well. It enabled 
the estimation of the operational stability decay rate 
constants. The operational stability decay occurred 
with the prolonged use of the immobilized enzyme. 
However, it was significantly lower than it was in 
the case of soluble enzyme.
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L i s t  o f  s y m b o l s

c	 –	concentration, mmol dm–3

c*	 –	saturation concentration, mmol dm–3

k	 –	 reaction rate constant of the first order, min–1

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

kLa	 –	oxygen volume transfer coefficient, min–1

Ki	 –	 inhibition constant, mmol dm–3

Km	 –	Michaelis constant, mmol dm–3

menzyme	 –	mass of enzyme, mg
qv	 –	air flow rate, dm3 h–1

r	 –	 reaction rate, mmol dm–3 min–1

r0	 –	 initial reaction rate, mmol dm–3 min–1

SA	 –	specific activity of enzyme, U mg–1

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

Vreactor	–	 reactor volume, cm3

t	 –	 time, min

L i s t  o f  a b b r e v i a t i o n s

D-met	 –	D-methionine
DAAO	–	D-amino acid oxidase
cat		  –	catalase
2-oxo	 –	2-oxo-4-methylthiobutyric acid

Ta b l e  7 	–	Comparison of estimated specific enzyme activities 
during repetitive use of immobilized enzyme in the experiments 
with continuous aeration at 10 dm3 h–1 with the initial reaction 
rate in the experiment carried out with soluble enzyme

Enzyme form SA [U mg–1]

Soluble 4.47

Immobilized –1st batch 0.55

Immobilized –2nd batch 0.53

Immobilized –3rd batch 0.51

Immobilized –4th batch 0.55

Ta b l e  8 	–	Statistical data for the developed mathematical 
model – experiment at 10 dm3 h–1

Experiment – 10 
dm3 h–1

1st 
batch

2nd 
batch

3rd 
batch

4th 
batch

4rd batch model 
with deactivation

R2 0.997 0.998 0.994 0.937 0.944

Correlation 0.998 0.998 0.996 0.993 0.988

Coefficient of 
determination 0.995 0.996 0.989 0.874 0.888

Standard deviation 
of data 0.280 0.206 0.338 1.055 0.997

Model selection 
criteria 4.954 5.359 4.117 2.018 2.132
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