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a  b  s  t  r  a  c  t

To  evaluate  the  activity  of  a commercial  pyranose  2-oxidase  (P2Ox) used  to  catalyze  the  oxidation  of  �-d-
glucose  in  the  presence  of  catalase,  systematically  batch  experiments  have  been carried  out at  30 ◦C and
an optimal  pH  =  6.5.  A  complex  kinetic  model  was  proposed  including  the  main  reaction  (of Ping-Pong–Bi-
Bi  type)  but  also  P2Ox inactivation  by  the  hydrogen  peroxide  produced,  and  in situ H2O2 decomposition
by  catalase  (of a generalized  Yano-Koya  kinetics).  While  the  presence  of catalase  drastically  slows  down
vailable online 19 October 2011
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the P2Ox inactivation,  a considerable  decrease  of  the  main  reaction  rate  is  observed.  The estimated  free
enzyme  rate  constants  match  with the values  reported  in  the  literature,  while  turnover  numbers  are
correlated  with the  catalase  concentration.  The  model  is  recommended  for further  process  developments
and  reactor  optimization,  its  parameters  being  easily  adaptable  for every  type  of  P2Ox.

© 2011 Elsevier B.V. All rights reserved.

atalase

. Introduction

Recent improvements in the synthetic biotechnology and pro-
uction of modified enzymes, exhibiting desired functions, allowed

 considerable progress in industrial enzyme technologies. Enzy-
atic reactions, displaying a high selectivity and specificity, are

ttractive bioengineering routes to obtain a wide range of industrial
roducts, or present challenging applications in medical-tests, bio-
ensor production, or emerging bio-renewable energy industries
1].  Isolated and immobilized enzymes have been used in large-
cale industrial reactors, competing in terms of efficiency with
he classical chemical synthesis pathways. Biocatalytic processes
roduce less by-products, consume less energy, and generate

ess environmental pollution, with using smaller catalyst con-
entrations and much moderate reaction conditions [2].  While
ntensive efforts are invested in protein engineering (recombinant
nzymes), fabrication of bioactive nanostructures leads to improve
he enzyme stability and its catalytic efficiency [1].  Such efforts
re trying to overcome most of difficulties related to industrial
se of biocatalysts, that are the high costs of producing enough
table and long lifetime enzymes, their high sensitivity to operat-
ng conditions and impurities, too high substrate specificity, and

ifficult process controllability due to their variable characteris-
ics. In this context, model-based characterization of the enzymatic

∗ Corresponding author. Tel.: +40 744 830308.
E-mail address: gmaria99m@hotmail.com (G. Maria).

381-1177/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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process is a valuable tool in further process design, development,
and optimization steps.

The present study is focused on studying the kinetics of enzy-
matic transformation of �-d-glucose (DG) in 2-keto-d-glucose
(kDG) in the presence of P2Ox (oxygen 2-oxidoreductase, EC
1.1.3.10). Generally, P2Ox catalyzes oxidation of mono- and disac-
charides specifically at C-2 position leading to 2-ketosugars (even
if few sugars and dicarbonyl sugars are oxidized at position C-
3 to give the corresponding 3-keto and 2,3-diketo derivatives,
respectively; [3]). This specific oxidation reaction has been inten-
sively studied over decades, being of high interest for the industrial
small/large-size production of rare sugars or sugar-derivates, such
as: d-fructose (and then d-mannitol), 2-keto-d-gluconic acid (and
then d-isoascorbic acid), 2-deoxy-3-keto-gluconic acid (and then 1-
deoxy-d-xylulose, which is precursor of the vitamins thiamine and
pyridoxol; [4]), d-sorbitol, diaminosorbitol, diaminomannitol [4],
d-galactose oxidation to 2-keto-d-galactose (and then reduction at
C-1 to yield d-tagatose, a low caloric sweetener; [4,5]), alternative
sweeteners based on the disaccharides oxidation (allolactose, gen-
tiobiose, melibiose, isomaltose; [6]), other synthetic carbohydrates
(e.g. reaction of 2-keto-aldoses with alkali or their dehydration;
production of dicarbonyl sugars, etc.; [3,4]). The selective reaction
is also used to produce several fine chemicals and drugs/antibiotics
[7].

A quite large number of P2Ox substrates have been stud-

ied, including selective C-2 oxidation of several saccharides,
P2Ox displaying a varied activity (usually expressed rela-
tively to the d-glucose substrate): �- and �-d(+)-glucose,
1-�-aurothioglucose, 3-deoxy-d-glucose, 6-deoxy-d-glucose,

dx.doi.org/10.1016/j.molcatb.2011.10.007
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:gmaria99m@hotmail.com
dx.doi.org/10.1016/j.molcatb.2011.10.007
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Nomenclature

A240 spectrometric absorbance at 240 nm (relative units)
cj species j concentration, mM
D = d ln(V)/dt reactor content dilution rate, s−1

kcat turnover number of the enzyme, s−1

kc, kd rate constants, s−1 (U mL−1) −1

kaxl a overall gas-liquid mass transfer coefficient, s−1

Kj enzyme Michaelis-Menten constant (relatively to
the substrate cj), or inhibition constant, mM,  mM�j

m number of observed species
Mw water molecular weight, g mol−1

n Yano-Koya exponent
N number of experimental points (recording times)
p number of model independent parameters
rj species j reaction rate, mM s−1, U mL−1 s−1

r number of (measured) observations
sy, s2

y model error standard deviation, or variance (in rel-
ative terms, Eq. (3))

t time (s), or statistical Student test
vm reaction rate constant, s−1

V liquid volume, L
Y stoichiometric coefficient

Greeks
˛j rate constant (inhibition exponent)
εS elasticity coefficient related to the substrate
ε240 molar extinction coefficient (in spectroscopy),

mM−1 mm−1

� wavelength (nm), or eigenvalues of the inverse of
the modified parameter covariance matrix [8,42]

�m turnover number of the enzyme, mM s−1 (U mL−1)−1

�w water density, g L−1

� measurement error standard deviation, mM,
U mL−1

�Km elasticity coefficient related to the Michaelis-
Menten constant

Index
o initial
ox electron acceptor compound

Superscipts
*  saturation

 ̂ estimated

Abbreviations
ABTS 2.2′-azinobis(3-ethylbenzthiazoline-6-sulfonic

acid)
DG d-Glucose
DO dissolved oxygen
FAD flavine-adenosine-dinucleotide
FADH2 reduced form of FAD
GOD glucose oxidase
kDG 2-keto-d-glucose
MMA  adaptive random search of Maria [40]
NAD(P)H Nicotinamide adenine dinucleotide (phosphate)
P2Ox pyranose 2-oxidase
S  substrate
|| · ||2 Euclidean norm
sis B: Enzymatic 74 (2012) 209– 218

1,5-anhydro-d-glucitol, l(−)-sorbose, d-gluconolactone, d(+)-
xylose, d-allose, 5-thioglucose, d-gentiobiose, 2-deoxy-d-glucose,
d-galactose, d-melibiose, maltose, mannose, sucrose, lactose,
trehalose, d-arabinose, dextrin, starch, glycerol, etc. [4,8–12].

In nature, P2Ox is widely distributed in fungi, being a con-
stituent of the ligninolytic system supplying peroxidases with
hydrogen peroxide, or being involved in a secondary metabolic
pathway converting d-glucose to cortalcerone (a fungal pyrone-
antibiotic; [4]). However, its metabolic role in fungi remains
unclear, although there is evidence of its important role in
lignin degradation [9].  Wild-type P2Ox is obtained from Penio-
phora gigantea [3,8,10], Phanerochaete gigantea [3],  Phanerochaete
chrysosporium [9],  Polyporus obtusus, Trametes versicolor, Lenzites
betulinus, Pleurotus ostreatus, Phlebiopsis gigantea [9],  Coriolus
hirsutus, Coriolus versicolor, Daedaleopsis styracina, Gloeophyllum
sepiarium [11], Tricholoma matsutake [12], Trametes hirsuta, Tram-
etes ochracea, Aspergillus nidulans, Lyophyllum shimeji (review of
Bastian et al. [3]), etc. To improve the stability and catalytic activity
of P2Ox, the enzyme was  modified by cloning the encoding gene
from a fungal source and expressing it in Escherichia coli [3,13].

P2Ox is a large homotetrameric protein with a molecular mass
depending on the enzyme source, ranging from 250 to 322 kDa,
and includes four subunits of identical size, and four molecules of
flavine-adenosine-dinucleotide (FAD) per tetramer [9,14–16]. The
FAD cofactor is covalently linked to the protein and couples the
oxidation of carbohydrates to the subsequent production of H2O2
[9].

There are also analytical applications of P2Ox in clinical chem-
istry, microbial process monitoring, or production of biosensors or
biofuel cells [3,5,9,15,17]. To increase the enzyme activity and sub-
strate sensitivity in a �-d(+)-glucose biosensor, the recombinant
enzyme should display smaller KDG and higher kcat values compar-
atively to the wild-type.

The approached reaction in the present study is of particular
importance for the production of high purity fructose from d-
glucose in two steps (Cetus process; [18,19]). On the first step,
DG is oxidized to kDG using P2Ox at 25–30 ◦C and pH = 6–7 with
very high conversion and selectivity, leading to a product free of
allergenic compounds traces (such as aldose). Then, the kDG is
reduced to d-fructose by NAD(P)H-dependent aldose reductase at
25 ◦C and pH = 7, the NAD(P)+ being (in situ or externally) regen-
erated and re-used [18,20,21].  The process drawbacks are related
to the very fast deactivating of P2Ox by H2O2, and by the costly
regeneration of NAD(P)+ (the chemical reduction of kDG to d-
fructose is also possible on Pt/C or Pd/C catalysts with molecular
hydrogen at high pressures; [19]). However, current efforts tend
to overcome most of these difficulties by increasing the enzyme
half-life with the addition of catalase, by modifying P2Ox struc-
ture [3,13],  or by co-immobilizing P2Ox on a suitable support
[16,19,22].

The fructose is currently produced on a large scale by enzy-
matic isomerisation of glucose over some salts at 50–60 ◦C and
pH = 7–8.5 [23]. The process, intensively studied and kinetically
characterized, suffers from a series of inconvenients: glucose con-
version is limited to the equilibrium level of ca. 50%, making the
subsequent fructose separation in large chromatographic columns
be very costly; glucose isomerase presents a poor stability, mak-
ing its purification and immobilization difficult; calcium ions (from
preliminary starch saccharification) have to be removed prior to
glucose isomerisation; fructose product is still impurified by sev-
eral saccharide-derivates.

Enzyme characteristics (activity, stability, cost, availability) and

the process kinetics are of a highly engineering interest for process
further development. On one hand free-enzyme batch or semi-
batch reactors can be preferred when enzymes exhibit a high
deactivation rate, it is cheap and product can be easily separated.
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n the other hand, the use of immobilized enzymes offers an easy
roduct separation, less enzyme loss, increased enzyme stabil-

ty, enzyme protection against harmful environmental stress, and
 better control of the process. Enzyme immobilization is made
n a porous or nonporous suitable support made from a large
ariety of materials tailored (by functionalization, cross-linking, co-
olymerisation, crystallization, covalent binding) to increase the
nzyme stability with less affecting its activity. However, immo-
ilization is costly and leads to a considerable activity decrease
ue to the matrix-enzyme interactions and due to resistance intro-
uced by the diffusion transport through support. Moreover, when
he enzyme deactivation rate is high enough (of high order), the
se of fixed-bed/mechanically agitated reactors with immobilized
nzymes might become too costly, requiring frequent biocatalyst
egeneration or replacement [24,25].

The key-point in solving the engineering aspects (reactor con-
tructive, operation, and control solution) is the thermal and
hemical stability of the enzyme, expressed by its half-time under
ertain operating conditions [26]. Besides, the optimal design and
peration solution of the enzymatic reactor (e.g. flexibility vs. raw-
aterials and enzyme variability) is related to the knowledge of an

dequate and reliable process kinetics/enzyme inactivation model
ased on the process mechanism. Recently Maria & Cocuz [27]
etermined the optimal operating solutions for a batch/semi-batch
eactor with suspended enzyme for the DG oxidation with P2Ox

sing a reduced model from the literature.
The aim of this paper is to derive a comprehensible kinetic model

or the DG oxidation in the presence of P2Ox and catalase, based
n a mechanism that accounts for interference between the main
nd side-reactions. Systematic isothermal experiments (30 ◦C and
ptimal pH = 6.5) lead to determine the kinetic curves of several
nvolved species for various amounts of added catalase. Experi-

ents have been conducted using free enzymes (commercial grade
ecombinant P2Ox from Sigma–Aldrich, obtained by expressing its
ene from Coriolus sp. in E. coli). The proposed model includes the
ain reaction (of Ping-Pong–Bi-Bi kinetic type), but also P2Ox inac-

ivation by the H2O2 produced, and in situ H2O2 decomposition by
atalase (of a generalized Yano-Koya kinetics). P2Ox activity studies
rom literature suggest no significant changes in the enzyme rate
onstants by its immobilization [22]. While the presence of cata-
ase drastically slows down the P2Ox inactivation, a considerable
ecrease of the main reaction rate is observed in the present study.
he derived kinetic model can be used for further process design
nd reactor optimization, its parameters being easily adaptable for
very type of P2Ox used.

. Kinetic properties of P2Ox

The reaction catalyzed by P2Ox is of Ping-Pong–Bi-Bi type,
ypically found in flavoprotein oxidoreductases, and consists of

 reductive half-reaction, in which an aldopyranose substrate
educes the FAD cofactor to yield FADH2 and 2-ketoaldose (oxi-
ation of the sugar at position C-2), followed by an oxidative
alf-reaction of re-oxidation of FADH2 by the electron acceptor.

f dissolved oxygen (DO) is used, a C-4a-hydroperoxyflavin inter-
ediate is formed during this oxidative half-reaction [5].
Oxidation of DG with P2Ox occurs with various forms of electron

cceptor: molecular oxygen, quinones (such as 1,4-benzoquinone
r its derivates, 1,2-naphthoquinone, 1,2-naphthoquinone-4-
ulfonic acid; [5,28]),  complexed metal ions and radicals, such as
erricenium ion Fc+ (ferricenium hexafluorophosphate), phenazine
ethosulphate, potassium ferricyanide, 2,6-dichloroindophenol,
errocene-methanol, ferrocene-carboxylic acid, nitroxide radical,
otassium ferricyanide, 2,6-dichloroindophenol, ABTS cation radi-
al [5,28–30].
sis B: Enzymatic 74 (2012) 209– 218 211

If  “ox” denotes the electron acceptor compound used, the DG
oxidation with P2Ox obeys the Ping-Pong–Bi-Bi rate expression
[28,30]:

r = vmcDGcox

KDGcox + KoxcDG + cDGcox
(1)

(where cj = species j concentration). The intrinsic mechanism
involves in fact, eight elementary steps, the corresponding rate con-
stants being related to the apparent vm, KDG, and Kax constants (see
Wohlfahrt et al. [28] for a detailed discussion). Separate estima-
tion of these intrinsic constants is laborious due to required steady
experiments to determine the dynamics of reaction intermediates
(i.e. oxidant complexes). The rate constants of expression (1), or
the basic Michaelis constants of P2Ox can be estimated from ini-
tial reaction rates or from Lineweaver–Burk/Eadie–Hofstee plots
[31], being reviewed in Table 1 for various reaction conditions and
enzyme sources.

P2Ox inactivates quickly under the degradative action of H2O2,
kDG, and other reactive oxygen species resulted during DG oxi-
dation. To prevent that, the common alternative is to remove the
resulted H2O2 by its decomposition in the presence of catalase
added in various amounts (100-fold excess to 1000-fold excess
vs. P2Ox; [18,22]). The in situ oxygen produced from H2O2 decom-
position is an important source of electron acceptor for the main
reaction [16]. However, both P2Ox and catalase present only a lim-
ited stability as homogenous catalysts under process conditions
[19]. In addition to H2O2, the hydroxyl radical is produced in a
Fenton-type reaction when Fe2+ is present in traces, playing an
important role in the P2Ox inactivation [8].

Co-immobilization of P2Ox and catalase (in a 1/30–1/1000 U U−1

ratio) on glyoxal agarose beads leads to up to 10-time decrease of
the P2Ox specific consumption, while a first-order P2Ox inactiva-
tion in respect to H2O2 is observed [16]. However, immobilization
introduces a considerable resistance to the mass transfer, requiring
a low P2Ox density on the carrier [16]. Besides, it seems that immo-
bilization does not significantly change the enzyme rate constants,
even if its stability is improved very much (up to 9 days half-life;
[22]). An alternative is to improve the stability of P2Ox and catalase
by chemical modification prior to immobilization. For instance, by
cross-linking the enzymes with Diimido-Esters, the most accessible
and active protein amino groups are blocked, being thus protected
against the kDG product action, the resulting P2Ox activity being
ca. three-times higher than the native enzyme [19].

Complex enzymatic systems, such as P2Ox/laccase/catalase and
another oxidative agent (e.g. quinones) leads to a self-regeneration
system of high specific productivity, even though oxygen is rate
limiting, by keeping a low H2O2 concentration in the proximity of
the enzymes, thus preventing their fast specific consumption [16].

Leitner et al. [18] studied the dependence of the obtained resid-
ual P2Ox activity (from Trametes multicolor)  on the added catalase
amount, for 100 mM DG oxidation at 25 ◦C and pH = 6.5 for 24 h.
They determine a sigmoidal curve shape of this dependence, by
indicating a Catalase/P2Ox ratio of 300 U U−1 to preserve 50% of
P2Ox initial activity, while ratios higher than 1000 U U−1 keep the
same 70% residual activity. Freimund et al. [10] recommend a
Catalase/P2Ox initial ratio of 300 U U−1 to protect the P2Ox activity,
Machida & Nakanishi [11] a ratio of 160 U U−1, while Huwig et al.
[22] successfully used an initial Catalase/P2Ox ratio of 100 U U−1.

The optimal conditions for DG oxidation with P2Ox depend on
the enzyme source: 25–30 ◦C, pH = 6.5–7 [8,14]; 55 ◦C, pH = 8–8.5
[9]. The P2Ox activity and stability are strongly dependent on
temperature and pH. For instance, P2Ox from Phanerochaete

chrysosporium retains more than 85% of its activity at pH = 4–11
after 1 week of storage at 4 ◦C. Also, P2Ox retains 100% of its activity
at 60 ◦C, 65% at 70 ◦C, and 35% at 75 ◦C after 2 h in 50 mM Tris–HCl
buffer of pH = 8 [9].  For P2Ox obtained from Coriolus versicolor (wild
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Table 1
Reported apparent rate constants (vm , kcat, KDG, Kax) for d-glucose oxidation with P2Ox under various conditions. Notations: DG = d-glucose; “ox” = oxidant agent; “wild” = native
wild-type P2Ox; “recomb.” = recombinant P2Ox obtained by its gene expression in host cells; “immob.” = immobilized enzyme; “free” = experiments using free P2Ox; rate
expressions: r = vmcDG/ (KDG + cDG), or r = vmcDGcox/ (KDGcox + KoxcDG + cDGcox); vm = kcatcP2Ox,o .

KDG (mM)  Kax (mM)  vm (s−1) kcat (s−1) Conditions Enzyme source Reference

63.5 0.26 0.089a 25 ◦C; pH = 6.5–7; [DG]o = 220 mM;
[P2Ox]o = 0.5 U mL−1; kaxl a = 0.02 s−1

Peniphora gigantea [8] e

50 (DO) 0.48
(quinone) 6.9

503 35 ◦C; pH = 5.5; [DG]o = 100 mM;
[ox]o = 2–5 mM

Aspergillus niger [28]

(wild) 1.1
(recomb.) 0.4–0.8

10.4
2.7–22.5b

44 ◦C; pH = 4.5–6
22 ◦C; pH = 7; [DG]o = 0.28 mM
(immobilized, [22])

Peniphora gigantea
(wild; recomb. E. coli)

[3,14,22]

(free) 0.85
(immob.) 0.79

(DO) 0.11
(quinone) 0.3

(free) 49
(DO) 70
(quinone) 324

30 ◦C; pH = 5; [DG]o = 500 mM horseradish (wild)
Trametes multicolor
(recomb. E. coli)

[16]

1.43  (DO) 0.083 26.64c 111 55 ◦C; pH = 8–8.5; [DG]o = 50 mM Phanerochaete
chrysosporium

[9]

(wild) 0.94
(recomb.) 0.44–3

(wild) 48
(recomb.) 0.2–88

30 ◦C; pH = 6.5; [DG]o = 100 mM;  DO
as  oxidant

Trametes multicolor
(wild; recomb. E. coli)

[5]

(wild) 18.66
(recomb.) 20.70

(wild) 7.94
(recomb.) 10.81b

20 ◦C; pH = 5.5; [DG]o = 330 mM glucose oxidase (EC
1.1.3.4) from Aspergillus
niger (wild; recombinant
in Saccharomyces
cerevisiae)

[17]

(wild) 1.4
(recomb.) 0.74

(wild) 59.9
(recomb.) 70.6

37 ◦C; pH = 7; [DG]o = 0.1 mM Coriolus versicolor
(wild; recomb. E. coli)

[15]

1.0  0.02c 106d 22 ◦C; pH = 7; [DG]o = 0.1 mM Coriolus versicolor
(wild; recomb. E. coli)

[15]

0.74  54 Trametes multicolor [13,29]
1.1 56 Peniophora gigantean
5.0  9.4 Peniophora sp.
1.7  Coriolus hirsutus [11]
0.9 25 ◦C; pH = 7.5; [DG]o = 0.8 mM Coriolus versicolor
1.0  Daedaleopsis styracina
1.8  Gloeophyllum sepiarium
1.2  8.2b 40.5 30 ◦C; pH = 6.5; [DG]o = 0.1 mM Phlebiopsis gigantea [41]
1.28 26.6b 111 37 ◦C; pH = 7; [DG]o = 0.0033 mM Tricholoma matsutake [12]

a Units in s−1 (U/mLs)−1; 1 U of P2Ox activity is defined as the amount of enzyme necessary for the oxidation of 1 �mol  of ABTS per minute under the given conditions
(ABTS  = 2.2′-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)(e.g. 30 ◦C and pH = 6.5, [14]).

b Units in �mol  min−1 mg-protein−1.
c Units in U mg-protein−1.

DGcox/
D

a
p
t
c
a
p
m
a
t

a
d
p
t
e
o
c

ε

(
s
s
s
c

i

d Units in s−1 g−1.
e Rate expression is an approximation of the Ping-Pong–Bi-Bi reaction, i.e.: r = vmc
G  and “ox”).

nd recombinant in E. coli), the optimum reaction conditions are
H = 6–8 and 40–60 ◦C, the enzyme being stable for pH = 5–9 and for
emperatures below to 65 ◦C [11,15].  For P2Ox obtained from Tri-
holoma matsutake,  the optimum reaction conditions are pH = 7–7.5
nd 50–55 ◦C, the enzyme being stable for pH > 6 and for tem-
eratures below to 55 ◦C [12]. For P2Ox obtained from Trametes
ulticolor, the optimum reaction conditions are pH = 5.5–6.5 (DO

s oxidant) and 55 ◦C [29]. The optimum pH is also dependent on
he electron acceptor used, varying between 4 and 8 [29].

Recombinant P2Ox’s are molecularly designed to satisfy the
pplication goal: for construction of an enzymatic biosensor for DG
etection, low enzyme KDG and high kcat values are desirables com-
aratively to the wild-type [15,17]. The explanation can be given by
he expression of the reaction rate relative sensitivity coefficients
xpressed vs. the substrate (the so-called ε-elasticity coefficient),
r vs. the Michaelis–Menten constant (the so-called �-elasticity
oefficient) [32]:

S = ∂  ln(r)
∂ ln(S)

= Km

Km + S
; �Km = ∂ ln(r)

∂ ln(Km)
= −εS; (2)

where S = substrate; r = reaction rate; Km = Michaelis–Menten con-
tant). For an industrial use, a high sensitivity of reaction rate to
ubstrate is not very crucial, but a low sensitivity to the rate con-

tant is desirable to better control the process vs. its structural
hanges.

Various chemicals can inhibit the P2Ox activity at var-
ous degrees, such as: HgCl2, (NH4)2SO4, ZnCl2, MnCl2,
(KDGKox + KDGcox + KoxcDG + cDGcox) (non-competitive inhibition with the substrate

NiCl2, AgNO3, lead acetate, CuCl2, MnCl2 [9],  CoSO4, CuSO4,
ZnSO4, �,�′-dipyridyl, o-phenanthroline, 8-hydroxyquinoline,
p-chloromercuribenzoate [11].

3. Experimental

3.1. Enzymes and reagents

The following substances were used for the present study:
recombinant pyranose 2-oxidase (EC 1.1.3.10, product number
P4234, activity of 10.4 U mg-protein−1) from Coriolus sp. expressed
in E. Coli; catalase (EC 1.11.16, product number C1345, activ-
ity of 2860 U mg-protein−1) from bovine liver; glucose oxidase
(GOD, EC 1.1.3.4, product number G2133, activity of 154 U mg-
protein−1) from Aspergillus niger; �-d-glucose; peroxidase (EC
1.11.1.7. product number P6782, activity of 1000 U mg-protein−1)
from horseradish; 2,2-azinobis(3-ethylbenz-thiazoline-6-sulfonic
acid) (ABTS); 0.1 M acetate buffer solution of pH = 5.0; 0.05 M phos-
phate buffer solution of pH = 6.5; 0.01 M phosphate buffer solution
of pH = 6.5. All chemicals were purchased from Sigma – Aldrich and
used without further purification.

Glucose conversion assessment was achieved by using the
method of De Luca et al. [33], relating changes in UV fluorescence

emission spectra with the glucose concentration of samples in the
presence of free GOD. The effect of glucose addition is an increase
in the peak value and area of the fluorescence intensity emission
spectrum, since reduced and oxidized flavins (FADH2 and FAD)
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Fig. 1. Fluorescence emission spectra (�-excitation = 278 nm;  �-
emission = 340 nm): (1) without glucose; (2) with 1 mM glucose; (3) with
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ence of P2Ox; inactivation reaction of P2Ox with the H2O2 produced
 mM glucose.

xhibit different fluorescent properties. The approach exploits the
V intrinsic fluorescence of some amino acids from GOD, basically

yrosine and tryptophan. This fluorescence is characterized by an
xcitation with two maxima at 224 nm and 278 nm,  and an emis-
ion around 340 nm,  being usually employed to get information
bout enzyme configuration and bonding positions.

The d-glucose determination procedure is the following: in the
pectrophotometer tank, 50 �l of reaction mixture sampled from
ioreactor is diluted at 2.97 mL  with 0.1 M acetate buffer solution of
H 5.0; the mixture is gently homogenised and incubated at 25 ◦C
or 1 min. The emission fluorescence spectra have been collected
y means of a spectrofluorimeter (model LS 50, Perkin–Elmer), by
sing as light source a Xenon discharge lamp with an emission
pectrum ranging from 200 nm to 800 nm immediately after addi-
ion of 30 �l GOD (7 U mL−1). Sample excitation was performed at
78 nm,  while the emission spectrum was recorded in the range
f 250–500 nm.  The spectra have been acquired with an entrance
lit fixed at 5 nm and an exit slit fixed at 8 nm with a scan speed
f 100 nm s−1. The emission fluorescence spectrum for the DG cor-
esponds to the integral area in the region of 290–400 nm (see a
ypical emission fluorescence spectra of GOD in Fig. 1, in the pres-
nce or absence of glucose).

P2Ox activity was monitored by observing the rate of oxy-
en consumption during the reaction (using an oxygen electrode,
ank Brothers Ltd.) in the thermostatically controlled labo-
atory bioreactor. Pyranose oxidase activity was  determined
pectrophotometrically at 420 nm,  following the procedure of Leit-
er et al. [18], by measuring at 30 ◦C the formation of H2O2 in a
eroxidase-coupled assay using ABTS (�420 = 43,200 M−1 cm−1) as
he chromogen. The standard assay mixture (3 mL  total) contained

 �mol  ABTS in potassium phosphate buffer (50 mM,  pH 6.5), 2 U
orseradish peroxidase, and 100 �L sample from bioreactor. One
nit (U) of P20x activity is defined as the amount of enzyme neces-
ary for the oxidation of 2 �mol  of ABTS per minute under the given

onditions. Enzyme assays were performed in triplicate and mean
alues are given. The procedure was repeated for every undertaken
ample from the bioreactor during the reaction.
sis B: Enzymatic 74 (2012) 209– 218 213

Catalase activity is expressed in Sigma units and was mea-
sured according to the instructions of the supplier (Sigma, [34]).
One unit will decompose 1.0 �mol of H2O2 per minute at pH 7.0
and 25 ◦C.

Hydrogen peroxide concentrations were confirmed by UV
absorption measurement at 240 nm.  In the ultraviolet range, H2O2
displays a continuous increase in absorption with the decreasing
wavelength. The decomposition of H2O2 by catalase can be fol-
lowed directly by the decrease in absorbance at 240 nm (molar
extinction coefficient of ε240 = 0.00394 ± 0.0002 mM−1 mm−1). The
difference in absorbance (	A240) per time unit is a measure of the
catalase activity [35].

3.2. Batch experiments of DG oxidation

Experiments have been carried out in a 2 L laboratory bioreac-
tor (Biostat A Plus, Sartorius; 1 L reaction liquid), with the operating
parameters (temperature, pH, DO, liquid-level) recorded and con-
trolled by means of an on-line computer [36]. The six-blade disk
impeller and baffles ensures a satisfactory homogenisation of the
bioreactor content, while the air micro-sparger system ensures a
good gas-liquid contact, the bubble size being dependent on the
aeration rate.

Separate experiments, under various operating conditions,
allowed determining and correlating the overall gas–liquid mass
transfer coefficient kaxl a with the aeration and mixing rates (for
the same liquid volume, temperature, sparger depth, and sys-
tem geometry; [36]). A simple, non-invasive procedure has been
applied, conducted in the absence of reaction, and involving
repeated liquid de-aeration (even if not complete) by sparging
with compressed N2, followed by re-aeration. The dissolved oxygen
kinetic curves recorded lead to evaluate the kaxl a coefficient. Val-
ues of 0.005–0.01 s−1 (distilled water) and 0.01–0.02 s−1 (reaction
medium) have been determined under optimal aeration conditions
of 1 L min−1 rate and 300 rpm stirrer rotational speed.

For studying the DG enzymatic oxidation with P2Ox, the experi-
ments have been conducted in the optimal oxygenation conditions
(using compressed air introduced through the ring sparger), in
the absence of catalase, or using various amounts of catalase in
the range of 0–80.4 U mL−1. (i.e. 0–300 U U−1 Catalase/P2Ox ratio).
Experiments with higher Catalase/P2Ox ratios are not interesting
from the engineering point of view, as long as the main reaction rate
decreases sharply with the catalase amount in the reaction envi-
ronment. Free enzyme experiments have been conducted using
100 mM glucose, 0.25 U mL−1 P2Ox, 10 mM phosphate buffer solu-
tion, pH = 6.5, and 30 ◦C. DO was recorded by means of the reactor
pO2 electrode, while small samples taken during reaction have
been separately analyzed to determine the concentration of glu-
cose (1 mL  samples, aliquoted in vials and immediately stored
up at −70 ◦C for future analyses), concentration of H2O2 (3 mL
samples, immediately analyzed with the spectrophotometer), and
the P2Ox residual activity (100 �L samples, spectrophotometrically
analyzed). The derived dynamic evolution of main species concen-
trations, displayed in the Figs. 3–5,  is further used to estimate the
kinetic model rate constants.

4. Modelling the oxidative process

The proposed kinetic model of the DG conversion to kDG is based
on three main reactions (Fig. 2 and Table 2): d-glucose oxidation
with dissolved oxygen in liquid (from sparging air) in the pres-
during DG oxidation, with forming inactive species; decomposi-
tion of hydrogen peroxide in the presence of catalase and possible
Fe traces (see Treitz et al. [8] and Maria [37] for the influence of
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Fig. 2. The simplified reaction path for d-glucose enzymatic oxidation using P2Ox
and catalase. Perpendicular dash arrows on the reaction path indicate the cat-
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Table 2
Proposed kinetic model and batch operation for d-glucose oxidation using P2Ox and
of  H2O2 decomposition using catalase (commercial recombinant P2Ox from modified
E.  coli strain). Notations: DG = d-glucose; kDG = 2-keto-d-glucose; Catal. = catalase;
D  = average logarithmic volume growing rate; DO = dissolved oxygen; Mw = water
molecular weight; �w = water density; c∗

DO
=saturation concentration of DO at the

reaction temperature; [H2O]r =water resulted from H2O2 decomposition.

Reactions:
C6H12O6 + YoxO2

P2Ox−→
(water)

C6H10O6 + H2O2

YP2Ox P2Ox + H2O2
Fe traces−→
(water)

P2Oxox (Inactivated form)

H2O2
catalase−→
(water)

H2O + 0.5O2

Rate expressions:
rour = �mc P2O�c DGc DO

(KDGc DO+KDOc DG+DG+c DGc DO)
,  (Ping-Pong-Bi-Bi mechanism; [28])

rd = kdcP2O�cH2O2

rc = kc ccatal cH2O2(
1+KOH cn

H2O2

) , (generalized uncompetitive inhibition Yano-Koya; [38])

Mass balance equations in batch
operation mode:

Operating parameters:
Content dilution:

dcDO
dt

= koxla(c∗
DO

− cDO) − Yoxrour + 0.5 rc − D cDO

dcDG
dt

= −rour − D cDG D = 1
V

dV
dt

= d[H2O]r
dt

Mw
�w

;

dckDG
dt

= rour − D ckDG Mw = 18 g mol−1; �w = 996 g L−1

dcPOx
dt

= −YPOxrd − D cPOx c∗
DO

= 0.2484 mM(fed air, 30◦C)

dcH O

2

2
/�2

D

lytic activation, repressing or inhibition actions; absence of a substrate or product
ndicates an assumed concentration invariance of these species; ⊕/
 positive or
egative action on the reaction rate.

arger amounts of Fe). Discussions on a possible mechanism for
hese reactions have already been presented in the literature [8,30].

Besides these information, there are several elements of novelty
onsidered during elaboration of the proposed model, as follows
Table 2):

 the DG oxidation is considered, as in most of literature studies,
being of Ping-Pong–Bi-Bi mechanism with the rate expression
of Table 2; the reaction involves five reaction intermediates, but

only three apparent rate constants (�m, KDG, KDO); the resulting d-
glucosone (kDG) and H2O2 strongly influencing the P2Ox activity;
the hydrogen peroxide attack on P2Ox is formally considered of
second order, with a stoichiometric coefficient YP2Ox to be esti-
mated together with the rate constants; the P2Ox inactivation
apparent reaction may  involve several steps, difficult to be high-
lighted experimentally [8];

 the second order decomposition of H2O2 by the catalase is
considered inhibited by the substrate, following a generalized
uncompetitive inhibition of Yano-Koya type [38]; the reaction can
also be initiated and maintained by ultraviolet light or Fe traces,
occurring with formation of hydroxyl radicals by homolysis [8];

 the in situ resulted oxygen from the H2O2 decomposition partic-
ipates in the DG oxidation;
the dilution effect due to water resulted from H2O2 decom-
position is considered in the reactor mass balance, even if its
contribution to the total volume is very small (around 0.1%).

An ideal batch reactor model was adopted to simulate the
rocess evolution under various initial conditions. Mass balance
quations presented in Table 2 correspond to a perfectly mixed
sothermal reactor, with explicitly accounting for the content dilu-
ion term [D = d ln(V)/dt] due to water resulting from the H2O2
ecomposition.

s2
y =
(∥∥cDG − ĉDG

∥∥2

2
/�2

DG +
∥∥cDO − ĉDO

∥∥
The rate constants of the model have been estimated based on
hree sets of recorded data including concentration profiles in time
f DG, DO, H2O2, and P2Ox in the absence of catalase, or with added
atalase in an initial Catalase/P2Ox ratio of 100 U U−1 or 300 U U−1.
2 2
dt

= rour − rd − rc − D cH2O2 kaxl a = 0.01–0.02 s−1 [8,27]

dV
dt

= D V

A weighted least square criterion has been used as a suitable statis-
tical estimator, due to different standard deviations of the observed
species, the objective function minimizing the model error variance
(in relative terms) [39]:

O +
∥∥cH2O2 − ĉH2O2

∥∥2

2
/�2

H2O2
+
∥∥cP2Ox − ĉP2Ox

∥∥2

2
/�2

P2Ox

(Nm − p)

)
, (3)

(where N is the number of experimental points (recording times),
m is the number of observed variables; p is the number of model
independent parameters, ∧ denotes the model prediction values;
|| · ||2 Euclidean norm of the residuals). The average experimen-
tal standard deviations are the following: �DG = �H2O2 = 1 mM,
�DO = 0.1 mM,  and �P2Ox = 0.05 U mL−1. An effective nonlinear pro-
gramming solver, i.e. the adaptive random search MMA  of Maria
[40], has been used leading to the estimated parameters of Table 3.

The model predictions obtained are in a good agreement with
the experimental data for all measured sets, as revealed by Figs. 3–5
for Catalase/P2Ox ratios of 0–300 U U−1. The model error, of ca.
2–3 mM for DG, is acceptable. The significance tests of the estimated
rate constants are presented in Table 4 for the most relevant data
set of Catalase/P2Ox = 100 U U−1 characterized by larger number of
data. By analysing the estimated rate constants of Tables 3 and 4,
and the experimental results compared with the simulated species
concentration dynamics (Figs. 3–5), several conclusions can be
derived:

- the virtue of the proposed kinetic model is coming from its
capacity to predict the process yield and enzyme inactivation
degree using the Michaelis-type rate constants and Yano-Koya
exponents independent of initial concentration of substrate or
enzymes (P2Ox and catalase);

- the estimated Michaelis constant of the P2Ox (KDG) and the kcat
are in the same range with the reported values in the literature
for recombinant P2Ox (Tables 1 and 4);

- almost all the parameters present high significance in the
model according to the statistical tests of Table 4 (t-test
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Table 3
Identified kinetic parameters for the d-glucose oxidation using P2Ox and catalase (kinetic parameters for 30 ◦C, pH = 6.5; commercial recombinant P2Ox from Coriolus sp.;
[DG]0 = 100 mM;  [P2Ox]o = 0.25 U mL−1). Notations: DG = d-glucose; DO = dissolved oxygen.

Parameter No catalase Catal/P2Ox = 100 Catal/P2Ox = 300 Proposed correlations

�m , [mM  s−1 (U mL−1) −1] 0.98778 0.36966 0.04970 �m = �mo/
(

1 + Kmc˛m
catal

)
�mo = 9.8778 × 10−1,
mM  s−1 (U mL−1)−1

Km = 2.0973 × 10−3, mM˛m

˛m = 2.0756

KDG , (mM)  0.51905
KDO (mM)  14.545

kd , [s−1 (U mL−1) −1] 1.4204 × 10−3 6.0781 × 10−4 1.1528 × 10−4 kd = kdo/
(

1 + Kdc˛d
catal

)
kdo = 1.4204·10−3,
s−1 (U mL−1)−1

Kd = 3.7033·10−3, mM˛d

˛d = 1.8295

kc , [s−1 (U mL−1) −1] 8.3 × 10−5a 5.5560 × 10−5 1.04 × 10−7 kc = kco/
(

1 + Kcc˛c
catal

)
kco = 8.3000·10−5,
s−1 (U mL−1)−1

Kc = 7.0944·10−10, mM˛c

˛c = 6.3255

KOH , (mM−n) 0.58
n  2.5765
YP2Ox , (U mL−1 mM−1) 0.01019
kaxl a, (s−1) 0.02 b 0.01 0.01 [36]
sy

c, (–) 1.76 2.01 2.22

a Obtained by extrapolation.
b Approximated from separate in vitro tests.
c The model error standard deviation in relative values was  computed using the formula (3).

Fig. 3. Dynamics of species concentration (A–E) and DG-reaction rate (F) for d-glucose oxidation with air and pyranose 2-oxidase in the absence of catalase. Conditions:
100  mM glucose, 0.25 U mL−1 P2Ox , 10 mM phosphate buffer, pH = 6.5; 30 ◦C. Model predictions are with a continuous line, and experimental values with points.

Table  4
Estimate significance tests for the d-glucose oxidation, for a catalase/P2Ox = 100 ratio (t-tests calculated with the minimum noise standard deviation of �̃ = 0.1 (mM,  or
U  mL−1); see the Appendix of Treitz et al. [8] for details).

Parameter Estimate t-testa ordered �j/ �̃2b Intercorrelation matrixc Reported
value (Table 1)

KDO , (mM)  14.545 22.2 1.0 1 0.11–0.48
KDG , (mM)  0.519 0.004 3.2 0.10 1 0.4–5.0
�m , [mM  s−1 (U mL−1)−1] 0.369

(9.25 s−1)
19.4 8.1 × 102 0.95 0.40 1 –

(0.2–88)
kd , [s−1 (U mL−1)−1] 6.078 × 10−4 28.8 1.5 × 104 0.26 0.25 0.34 1 –
YP2Ox, (U mL−1 mM−1) 0.010 23.4 2.4 × 106 −0.07 −0.65 −0.28 −0.84 1 –
kc , [s−1 (U mL−1) −1] 5.556 × 10−5 25.3 4.5 × 107 −0.97 0.05 −0.88 −0.21 −0.03 1 –
KOH , (mM−n) 0.58 11.1 1.0 × 1012 −0.97 0.04 −0.88 −0.17 −0.07 0.99 1 –
n  2.576 42.0 3.1 × 1016 0.80 0.27 0.83 0.76 −0.53 −0.74 −0.73 1 –

a The parameter is significant for t − test > t(Nm − p; 0.975) = 1.96.
b The ridge selection test of Maria & Rippin [42] is passed when �j/ �̃2 > 1 [8,39].
c Absolute coefficients higher than 0.95 indicates highly intercorrelated parameters [8,39].
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ig. 4. Dynamics of species concentration (A-E) and DG-reaction rate (F) for d-gl
Catalase/P2Ox = 100/1 U U−1). Conditions: 100 mM glucose, 0.25 U mL−1 P2Ox , 10 m
xperimental values with points.

and �j/ �̃2 test values higher than the relevant quantile 1.96
and the threshold 1, respectively); the confidence intervals
have not been displayed being given by a linearized model
formula [39];

 the Michelis-Menten type constants (�m, KDG, KDO) and those of
the Yano-Koya inhibition model are well-known as being highly
intercorrelated due to the hyperbolic model equation form. Abso-
lute inter-correlations among them are sometimes more than
0.95, and laborious experiments are necessary to separate their
influence on the reaction rate [39]. In the present case, the tests
indicate KDG as being difficult to be estimated as long as the glu-
cose concentration is always much higher than the estimated KDG
value. Thus, KDG was fixed to 0.52 mM,  which is very close to the
reported data in the literature (avg. 1.1 mM).  Also the estimated
KDO, of higher values than those from literature, indicates the low
influence of the [DG] on the main reaction rate on this studied
concentration interval.

 the predicted P2Ox residual activity by the model at longer run

times (24 h) is in a good agreement with the reported data of
Leitner et al. [18] at 25 ◦C, that is a 80% loss of activity for an
initial Catalase/P2Ox = 100 U U−1, and a 50% loss of activity for an
initial Catalase/P2Ox = 300 U U−1 (plots not presented here).

ig. 5. Dynamics of species concentration (A–E) and DG-reaction rate (F) for d-glucose o
Catalase/P2Ox = 300/1 U U−1). Conditions: 100 mM glucose, 0.268 U mL−1 P2Ox , 10 mM ph
xperimental values with points.
oxidation with air and pyranose 2-oxidase in the presence of 25 U mL−1 catalase
osphate buffer, pH = 6.5; 30 ◦C. Model predictions are with a continuous line, and

- the stoichiometric coefficient YP2Ox of the H2O2 attack on P2Ox

is unchanged, irrespectively to the data set and catalase amount,
indicating approximately 10 U P2Ox inactivated by 1 millimole
of H2O2 present in the liquid, that is a quite high inactivation
capacity of hydrogen peroxide oxidant;

- the exponent n ≈ 2.6 in the Yano-Koya rate expression of hydro-
gen peroxide decomposition indicates a high order reaction
inhibition by large amounts of H2O2;

- the turnover numbers in all reactions (�m for DG oxidation, kd
for P2Ox inactivation, kc for H2O2 decomposition) are strongly
influenced by the catalase concentration, roughly decreasing
with one order of magnitude for Catalase/P2Ox ratios increas-
ing from 0 to 100 and then to 300 U U−1. Consequently, a higher
order of inhibition with catalase of these reactions is proposed,
of generalized Yano-Koya type, by estimating the inhibition
constant Kj (j = m,d,c) and exponent ˛j. The results indicate a high
order inhibition of the main reaction rate (˛m = 2.1), and also for
P2Ox inactivation (˛d = 1.8), and for H2O2 decomposition reaction

(˛d = 6.3);

- a direct consequence of such a high influence of catalase
on the reaction rates is a considerable decrease of the P2Ox

inactivation with the Catalase/P2Ox ratio, as reported in many

xidation with air and pyranose 2-oxidase in the presence of 80.4 U mL−1 catalase
osphate buffer, pH = 6.5; 30 ◦C. Model predictions are with a continuous line, and
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studies from literature. Simulations with the kinetic model indi-
cate a 55% P2Ox inactivation after 180 min  of run without catalase,
but the same inactivation is get after 790 min  of run with a
Catalase/P2Ox = 100 U U−1 ratio, and after 7111 min  of run with
an initial Catalase/P2Ox = 300 U U−1 ratio;

 unfortunately this favourable effect of catalase addition on
the P2Ox activity is counter-balanced by the drastic dimin-
ishment of the main reaction rate (i.e. the turnover number
decrease). Simulations with the kinetic model reveal that a 20%
DG conversion is obtained after 180 min  of run without cata-
lase, but the same conversion is obtained after 316 min  of run
with Catalase/P2Ox = 100 U U−1 ratio, and after 2101 min  with
Catalase/P2Ox = 300 U U−1 ratio. Analogously, 60% DG conversion
is obtained after 1777 min  of run with Catalase/P2Ox = 100 U U−1

ratio, but no more than 33% conversion is obtained with
Catalase/P2Ox = 300 U U−1 ratio (if no additional P2Ox is added
during reaction).

In fact, as proved by Maria [26,37],  for an enzymatic reactor with
uspended enzyme of high order deactivation rate (more than one),
he enzyme consumption for an imposed productivity can be dras-
ically diminished (sometimes more than ten times) if an optimal
nzyme feeding policy is adopted in a semi-batch or a pulse-like
ddition operation mode. In this context, the derived model in
he present study can be used to perform engineering calculations
or process design and optimization, by choosing an appropriate
ptimization function. Reactor optimization has to account not
nly for productivity vs. raw-materials (especially enzyme) and
perational costs, but also for the P2Ox enzyme inactivation char-
cteristics, the effect of the added co-enzyme on the main reaction
ate, optimal operation solution implementation, and process con-
rol costs. From such a perspective, a sufficiently adequate and
eliable dynamic model of the process can lead to economic ben-
fits at the expense of some computational steps to up-date its
arameter when structural changes occur in the system (enzyme,
aw-materials). The developed kinetic model, of fair quality and
ith enzyme parameters independent on the initial concentrations

f species, fully justify such computational steps by accounting for
ntagonistic factors with influence on the enzymatic process.

. Conclusions

Derivation of an enough adequate and reliable kinetic model
or a complex multi-enzymatic process is a difficult task, requir-
ng steady experimental efforts to get enough information on the
rocess dynamics and its mechanism, and also extensive computa-
ional efforts to derive a comprehensible model with interpretable
arameters. Such a model can be immediately valorised, as long as
imple separate observations cannot give the whole picture on the
rocess characteristics and interferences of the enzymatic reactions
o be further used in engineering calculations.

The derived kinetic model for the d-glucose oxidation in the
resence of P2Ox and catalase reveals some interesting conclusions.
he presence of catalase decreases very much the P2Ox inactiva-
ion, from 4.4 times for a Catalase/P2Ox = 100 U U−1 initial ratio
s. no-catalase-runs, to 39.5 times for a Catalase/P2Ox = 300 U U−1

atio. At the same time, the oxidation reaction rate is dras-
ically diminished by the presence of catalase, from 1.8-times
or a Catalase/P2Ox = 100 U U−1 ratio, until 11.7-times for a
atalase/P2Ox = 300 U U−1 ratio. Additionally, the running time nec-
ssary to get the same imposed conversion increases with the same

atio as the reaction rate diminishment.

The kinetic model is of satisfactory quality and robust, with
nzyme parameters not depending on the initial concentration
f species but only on the reaction conditions (temperature, pH).

[
[
[

[

sis B: Enzymatic 74 (2012) 209– 218 217

Model parameters are fully interpretable and of comparable values
with the reported ones for similar reaction systems, offering the
possibility to predict the process dynamics under various operat-
ing conditions. It is also to remark that in multi-enzyme reaction
systems separate evaluations of enzyme characteristics and activity
is not enough to derive pertinent conclusions as long as interfer-
ences among reactions occur. The kinetic model can be useful for
an immobilized enzyme process alternative, offering predictions on
the process dynamics if additional terms are added in the hetero-
geneous reactor mass balance equations [26]. As reported in the
literature for the DG oxidation case, the estimated free P2Ox rate
constants do not suffer significant changes by enzyme immobiliza-
tion. However, small adjustments will be necessary for secondary
reactions rate constants.

The model applications are immediate. Thus, simulations of
the batch or semi-batch process operation allow predicting the
DG conversion for various amounts of P2Ox and catalase initially
added, or added during the reaction following a certain policy to
be determined. The complex effects of the added catalase (P2Ox life
prolongation, and decline of the main reaction rate) imperatively
require computational steps to determine the optimal amount of
enzymes in respect to a specified economic objective (imposed
conversion, or reactor productivity). Derivation of the optimal oper-
ation mode (batch, semi-batch, pulse) and optimal feeding policy
(e.g. continuous or intermittent enzyme addition, following an uni-
form, exponentially like, or another addition policy [26,37]) can
lead to a considerable save of enzyme. The kinetic model is also
useful for further process design with parameters easily adaptable
for every type of used P2Ox.
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