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Abstract

Oxidative polymerization of catechol catalyzed by laccase enzyme Trametes versicolor (ATCC 200801) in aqueous
solution containing acetone was investigated in a batch system. The effects of initial catechol and dissolved oxygen concen-
trations on the initial reaction rate of oxidative polymerization were experimented. An interactive kinetic model as a function
of catechol and dissolved oxygen concentrations was developed for enzymatic polymerization and corresponding biokinetic
parameters have been evaluated for the first time. The parameters of the VigdeéXmm, Kmo, andK; were found 0.247 g
O,m~3min~1, 70.75gnT3, 10.4g 3 and 48.15 gm?, respectively. The activation energy and reaction rate constant of
oxidative catechol polymerization were calculated as 66.8 k3tTahd 216.3s, respectively. The estimated activation
energy and rate constant of the reaction are of the order of magnitude with previously reported values for laccase-catalyzed
reactions of different monomers.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction polymeric structures to precipitate spontaneously
from solution due to their low solubility.

The progress in polymer science has strongly Polymerresins produced from phenols and aromatic
leaned on the invention of new class of polymers amines have been used in industry as composite lam-
produced by chemical modification of biopolymers or inates, adhesives, fiber bonding, abrasives, foundry
by the polymerization of monomers with novel syn- resins, and molding material3]. Nevertheless, con-
thesis via application of new catalysts. The oxidative ventional polymerization methods mostly depend
polymerization of aromatic compounds via enzymatic On inorganic catalysts made of toxic and precious
catalysis has been widely investigated with a strong materials. As an alternative catalyst, non-toxic oxi-
environmental concern since the invention of the cat- doreductive enzymes have been recently investigated
alytic activity of peroxidase enzymed,2]. These to catalyze the oxidation of aqueous aromatic com-
enzymes oxidize the aromatic compounds to form pounds, in the presence of a water miscible organic
aromatic radicals, which in turn combine to form solvent[4]. These enzymes are lipafe], soybean

peroxidase[2,6], bilirubin oxidase[7], horseradish
"+ Corresponding author. Tek90-312-2977404; peroxidasg8,9], tyro§inase{10] and. laccas§l1-13]
fax: +90-312-2992124. For the polymerization of phenolic monomers, hor-
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Nomenclature

dissolved oxygen concentration in the
reaction medium (g m°)

activation energy of laccase-catalyzed
polymerization of catechol (kJ mot)
initial enzyme concentration in the
reaction medium (M or U dr)
correction factor for dissolved oxygen
concentration

frequency factor of Arrhenius equation
reaction rate constant of enzymatic
polymerization (51)

inhibition constant in inhibition kinetic
models (g m3)

Michaelis—Menten saturation constant
(@m)

Michaelis—Menten saturation constant
with respect to catechol (gd)
Michaelis—Menten saturation constant
with respect to dissolved oxygen (g1
constant in Moser equation

universal gas constant (J méIK—1)
index of determination in regression
analysis

substrate concentration (g1

initial concentration of catechol in
reaction medium (g m°)

initial concentration of dissolved
oxygen (g nr3)

absolute temperature (K)

initial reaction rate of polymerization
in terms of dissolved oxygen
consumption rate (g Om—3min~1)
dissolved oxygen corrected initial
reaction rate (g @m—3min—1)
maximum reaction rate of polymerizatio
(@O m3min~torM 0O, st

initial reaction rate (g @ m—3min—1)

>

of H,O, and various reactor designs were suggested

for wastewater treatmentl4]. However, it is ad-

vantageous to replace horseradish peroxidase with
laccase since it utilizes dissolved oxygen instead of

Moreover, enzymatically produced poly(phenols)
from waste streams may be utilized in different ways
in addition to as industrial resins. Although the usage
of poly(catechol) has not been completely exploited
yet, there exist few studies in literatuf&5]. Poly-
meric resins of catechol and resorcinol were used
for selective separation of lanthanidgst], while
catechol-formaldehyde resins were utilized for the
selective removal of radiostrontiufd7]. Polymeric
films of catechol have been exploited in a number
of biosensor application§l8] and for some cate-
chol copolymers an immunostimulating activity was
detected19].

There have been few studies dealing with the ki-
netics of laccase-catalysed oxidative polymerization
of phenolic compoundg20,21] while kinetics of
horseradish peroxidase has been investigated suffi-
ciently[14]. However, in the kinetic models developed
for laccase in literature, the contribution of dissolved
oxygen to the reaction kinetics was overlooked. For
oxidative catechol polymerization catalyzed by lac-
case, there has not been any kinetic model proposed
yet, which could be essential in the design of the treat-
ment or production processes to polymerize catechol
enzymatically.

In this study, batch experiments were conducted
to investigate the effects of substrate concentrations,
catechol and dissolved oxygen, and temperature, on
the initial reaction rate of oxidative catechol polymer-
ization. An original multiplicative kinetic model for
oxidative enzymatic polymerization was suggested as
a function of initial catechol and dissolved oxygen
concentrations. For model development, only the ba-
sic kinetic equations based on the quasi-steady-state
approach for enzyme kinetics in the literature were
employed. After finding the best-fit kinetic model,
biokinetic parameters and activation energy of the
oxidative polymerization reaction were evaluated
accordingly.

2. Experimental
2.1. Materials

Solid malt extract-agar nutrient medium was pur-

H»0,, which causes inhibition and deactivation of chased from Difc8 (USA). Guaiacol and catechol
the enzymd13].

were purchased from Sigma (USA) and BDH (UK),
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respectively, and were used as received. All organic
solvents used in this study were obtained from Merck
(Germany) and were of high purity and other chem-
icals purchased from various commercial suppliers
were of analytical grade purity.

2.2. Growth of microorganism and laccase
production

The culture Trametes versicolor (ATCC 200801)
was obtained from the American Type Culture Collec-
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in a mixture of acetone (10% v/v) and sodium-acetate
buffer (90% v/v) (50 mM, pH 5). When needed, high
dissolved oxygen concentrations were maintained in
the medium by sparging pure oxygen gas through the
reaction solution. The polymerization started upon the
addition of pre-determined laccase solution and dis-
solved oxygen concentration was monitored contin-
uously. The reaction was terminated approximately
after 60 min depending on reaction conditions. Blank
runs were also conducted under the same conditions
without using catechol and without using enzyme in

tion. The microorganism, reactivated as described by order to attribute all dissolved oxygen drop solely to

ATCC, was first grown on agar slant tubes using malt

extract-agar nutrient solid medium as described in the

literature[13]. After 7 days of incubation, cultures in

consumption in oxidative polymerization.
The initial reaction rate of polymerization was cal-
culated in terms of initial consumption rate of dis-

agar slant tubes were taken from the incubator and the solved oxygen, which was equal to one-fourth of the

culture on the slope was washed with 5%af sterile

consumption rate of catechol, due to a 1-4 stoichio-

distilled water to form a suspension. This suspended metric ratio in the polymerization reacti¢b3]. Initial

culture was then transferred aseptically into 10§ cm
of liquid growth medium[22] in cotton-plugged Er-
lenmeyer flasks of 250 cinAfter inoculation, the cul-
tures were incubated at 3C with shaking at 150 rpm
for 10 days. Extracellular laccase production was in-
duced by adding 0.001 chp-xylidine after 5 days
of incubation[23]. After 10 days, the fermentation
medium was centrifuged at 5000 rpm for 5min and

consumption rate of dissolved oxygen was estimated
through linear regression of initial data of dissolved
oxygen concentration.

For the sample used in FT-IR analysis, the poly-
merization reaction was performed for 48h. After
removing the solvent with a rotary evaporator, the
residue was kept in a fridge at'€ for 2 days to al-
low poly(catechol) to precipitate. After centrifugation

clear supernatant dispensed into test tubes then storedf the residue, the polymer was removed and washed

frozen at—35°C. For use, frozen enzyme solution

was thawed at room temperature, the activity was de-

with distilled cold water several times in order to
remove unreacted catechol and enzyme residues. The

termined and the solution was used as required. This polymer product was left in an oven for a week at
procedure enabled the use of standard enzyme activ-40°C and then kept in a desiccator until use.

ity. Laccase activity was determined according to lit-
erature[13].

2.3. Experimental set-up and procedure

Experiments were carried out in a Pyrex flask with
a net volume of 183 cf A voltametric dissolved oxy-
gen probe (CyberScan DO 100) with an O-ring was

2.4. Kinetic model

The polymerization kinetics of catechol is based
on expressions of enzyme kinetics. A double sub-
strate interactive model for enzyme kinetics was sug-
gested as a function of initial catechol and dissolved
0xygen concentrations. Basic single substrate expres-

placed in the gas-tight neck to measure the dissolved sions in literature based only on quasi-steady-state
oxygen concentration in the reaction medium with a approach for enzyme kinetics were combined alterna-
precision of 0.01 g m3. The rate of dissolved oxygen tively in the model to find the best fit by non-linear re-
consumption in the flask was taken as the base to mon-gression. The single substrate expressions used in the
itor the reaction rate. The reactor was immersed in analysis are presented Table 1 [24] Combinations

a constant temperature water bath operating &25  of contributing equations, exactly 25, were analyzed
with a precision of+0.1°C. Reaction medium was through Systat 1Q25], a package non-linear regres-
mixed with a magnetic stirrer at 250 rpm. Prior to re- sion program, to find the expression giving the best
action, a prescribed amount of catechol was dissolved fit.
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Table 1

0.1gnm3 within an hour proving insignificant oxy-

Single substrate expressions based on only quasi-steady-state ki-gen consumption of the electrode and/or the medium.

netics for enzyme kinetics in literatufg4]

V=VnS/(Km+S) Michaelis—Menten
V=VnS"/(Km+ S") Moser

V=VnS/(Km(1+ (S/K;)) + S) Competitive inhibition

V =VnS/(Km+ S)(1+ (S/K))) Non-competitive inhibition
V =VnS/(Km+ SA+ (S/K;))) Mixed inhibition

2.5. FT-IR analysis of poly(catechol)

For a primary structural analysis, FT-IR spectra
of the monomer and polymer were recorded with a
1600 Perkins-Elmé& Spectrophotometer. The mea-
surements were obtained in 4000-400¢manges
for samples in KBr (IR Grade, Merfk Germany)
pellets. About 0.05g of each of the dry catechol and
poly(catechol) was thoroughly mixed with 0.1g of
KBr, and pressed into a form of pellet and the spec-
trum was then recorded.

3. Results and discussion

In all experiments the initial derivative of the dis-
solved oxygen profile (data not shown) presented in
Table 2was measured with high correlation coeffi-
cients not smaller than 0.99. A blank run under ap-
plied conditions without catechol but with the enzyme
did not show any dissolved oxygen drop more than

Table 2
Experimentally observed reaction rates for different initial con-
centrations of catechol and dissolved oxygen

Runs Initial catechol Initial dissolved Initial reaction rate
concentration  oxygen concen- (g DO 3 min—1)

(gm3) tration (gn73)
1 0 0.00 0.000
2 25 11.06 0.035
3 50 15.54 0.045
4 75 16.30 0.059
5 100 21.13 0.075
6 250 17.18 0.106
7 500 22.10 0.112
8 1000 15.25 0.111
9 2500 19.46 0.126
10 3000 20.00 0.119
11 5000 19.60 0.113
12 7500 17.45 0.147
13 10000 21.20 0.125

Another blank run without the enzyme but with cate-
chol again did not show dissolved oxygen drop more
than 0.1 gm?3 within an hour assuring non-existing
self polymerization or oxidation of catechol in the
medium.

As a general trend, the initial reaction rate reached
a plateau value above 250 grcatechol concentra-
tion. After this concentration, the initial reaction rate
fluctuated, possibly due to insufficient/uncontrollable
oxygen levels or to substrate inhibition. Since both
substrates were effective on initial reaction rates, the
inhibitory substrate(s) could be specified only after es-
tablishing a sound kinetic model.

3.1. Kinetic model assessment

For non-linear analysis of data ifable 2 differ-
ent interactive forms of quasi-steady-state equations
in Table 1were employed. Out of 25 combinations,
the conventional Michaelis—Menten kinetics expres-
sion for catechol and mixed inhibition kinetics ex-
pression for dissolved oxygen, were determined as the
best-fit model with a loss of.80406x 10~2 after 29
iterations,R? = 0.962. The loss is defined as the sum-
mation of squared error, i.e. the error was the differ-
ence between the experimental and estimated reaction
rates. The best-fit equation is represented as

e (G
— ¥Ymax Kmm+Sm

(rormarerm)] ©
Kmo, + So,(1+ (So,/K}))

where Vmax, Kmm, Kmo, and K; were estimated as
0.247 g Qm3min~!, 70.75gm?3 (0.643mM),
10.4gn13 (0.325mM) and 48.15 g n? (1.505 mM),
respectively, at a fixed initial enzyme activity
(3.14U in total). Although no kinetic model for
enzymatic polymerization is available in literature
for catechol, Tianzhi et al. determined th&, of
single-substrate (monomer) Michaelis—Menten ki-
netics as 14.83, 96.66, 0.7266 and 6.920mM for
3,4-dihydroxybenzaldehyde, guaiacol, pyrogallol and
gallic acid, respectivel§21]. Kmm found for catechol

in this work was close to that of pyrogallol, denoting
strong monomer-enzyme affinity by its low value.
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Fig. 1. Theoretically calculated reaction rates vs. experimentally observed ones.

Kmo, was smaller tharKmm, again showing higher  concentration was assumed constant at 10¢ and
affinity of the laccase enzyme for the substrate dis- Viaw is the corresponding experimental reaction rate.
solved oxygen. Relatively higher value Kf implies

the weak influence of oxygen inhibition at low levels Veor = Viaw X fi @
of dissolved oxygen in reaction mediutdy, andky where

values were available in papers on laccase-catalyzed 1
transformation of many phenol derivativga3]. In fi=04 45x[ So, } ©)
all these papers, only monomer concentrations were 104 + So,(1 + (So0,/48.15))

monitored and taken into account for kinetic mod- Dissolved . |
els [26]. Substituting initial concentrations of both issolved oxygen concentration correctéd, values

substrates intdeq. (1) with calculated coefficients, are tabulated imable 3along with the experimental
theoretical initial reaction rates were estimated and Yraw Values and these corrected values were directly

plotted against experimental reaction ratesFig. 1 used in the assessment of temperature effects.
to visualize the fit. As it is clear from the graph and

statistical parameters, the proposed double substrate
model fits the data fairly well. R’ =0.9923

-1 4

3.2. Determination of activation energy 3

Ln(k;)

For elucidating the temperature effect on the reac-
tion rate alone, experimental initial reaction rate values
at fixed 250 gm? catechol concentration and 1.4 U -5 . . 1
total enzyme activity, for different dissolved oxygen 3.1 3.2 33 3.4
concentrations, were to be re-evaluated at constant (1/T)*10° (1/K)
substrate concentrationgeor values were calculated
usingEq. (2)for each experiment where initial oxygen Fig. 2. Variation of Irk, with reciprocal temperature.
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Table 3

Corrected initial reaction rates with respect to dissolved oxygen concentration at different temperatures

T (K) Soz2 (@m3) Correction factor f) Viaw (@ DO m3min~1) Veor (g DO m3min—1)
298 9.5 1.019956 0.047 0.048

303 10 1.00022 0.082 0.082

308 10.3 0.989512 0.111 0.110

313 9.2 1.033069 0.177 0.183

318 9.4 1.024215 0.256 0.262

323 9.5 1.019956 0.273 0.279

333 8.5 1.068027 0.285 0.304

A series of runs were carried out for the variations activation energyk,, was calculated, with a high cor-
of initial reaction rates with temperature. Employing relation coefficient, from the slope. Activation energy
Eg. (1) Vmax values were evaluated at five different for the enzymatic oxidative polymerization of cate-
temperatures of 25, 30, 35, 40 and°4h Eq. (4)is chol was determined as 66.8 kJ mal This value is
the equation to relate the maximum enzyme reaction almost in the range of 30—60 kJmdl for different
rate, Vmax, Of Michaelis—Menten kinetics to enzyme laccase-catalyzed oxidation reactid@s].
concentrationEg, at quasi-steady-staf24]:

3.3. Calculation of rate constant, k:
Vinax = kZ[EO] (4) ?
where For the evaluation of rate constant of the enzyme,
Eu/RT ko, a series of experiment was carried out with dif-
J— - a, . . . e sy
k2 = ko€ () ferent enzyme concentrations. The variation of initial
which leads tcEq. (6)in logarithmic form: reacpon rate; with initial enzyme concentratlo_ns was
monitored at fixed temperature, catechol and dissolved
_ _ Ea oxygen concentrations, 2&, and 250 and 10 g™,
In kz =In ko —_— (6) i ]
RT respectively. The molar concentration of the enzyme

Five differentk, values were evaluated for temper- in reaction medium was determined according to the

ature and Ik, versus 1T was plotted inFig. 2where relationship between laccase activity per volume of the
enzyme solution and milligrams of purified enzyme

published in the literatur¢23]. Employing Eq. (1)
Vmax vValues were calculated at four different initial
R?=0.9843 enzyme concentrations and plotted against enzyme

concentration usingeq. (4) in Fig. 3. Then the rate

o constant of the enzyméx,, was calculated from the
slope as 216.3%, being the same order of magnitude
as previously reported value3able 4 for different
monomers catalyzed by laccase in the literaf@ig.

1.5 1

0.5 1 3.4. FT-IR spectroscopy of poly(catechol)

Maximum reaction rate(M/s)*]O7
Ll
1

0 i : The structural properties of catechol and poly(cate-
0 05 1 chol) were evaluated with corresponding FT-IR spec-
tra and presented iRig. 4A and B respectively. In
Fig. 4A, reasonable broad doublet peaks at 3451 and
Fig. 3. Maximum reaction ratéymax, vs. initial enzyme concen- 3326 cmr! belong to characteristic hydrogen bonded
tration, Eg. phenolic O-H vibration bands for catechol. Four

Initial enzyme concentration (M)*IO9
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OH OH

Fig. 5. The proposed chemical structure of laccase-catalyzed poly(catechol).

absorption peaks between 1470 and 1622%trare
attributed to the aromatic ring<C vibration bands

tic for phenyl ether and vinyl ethers. The peaks at
920 and 810 cm! belong to out of plane bending of

and these are characteristic for the benzene aromatic=C—H bonds of an aromatic ring. The very broad phe-

ring. C—0O vibration bands for catechol are at 1281 and
1250 cntL. The other absorption bands at 850 and 746
are ascribed to out of plane bending=f—-H bonds

of an aromatic ring. From the poly(catechol) spec-
trum in Fig. 4B, the broad peak at around 3370c¢h
can be attributed to intra-molecular hydrogen bonding
between the repeating units in poly(catechol) chains.
The absorption bands between 1400 and 1600'cm
are due to the €C vibration of aromatic ring. The
broad vibration band at around 1611chcan be
attributed to overlapping ortho disubstitute benzene
ring and aromatic €C vibration absorption bands.
In addition, the peak at 1487 cth belongs to or-
tho disubstitute benzene ring. The C—O—-C stretching

nolic O—H adsorption band at 3370 thand intense

phenyl ether bond absorption at 1260 and 1050tm

in the poly(catechol) showed that catechol units in
the enzymatically produced polymer structure con-
nected to each other by ether linkage and also still
there were high amount of phenolic O-H functional
groups onto the poly(catechol). Conclusively, the
proposed chemical structure of poly(catechol) was
presented irFig. 5. The FT-IR absorption bands of

the polymeric structure were limited compared to the
catechol absorption bands. This is due to more rigid
structure of the polymer compared to that of the cat-
echol molecule. The peaks shown in FT-IR spectrum
of poly(catechol) are in accordance with literature

frequency of phenyl ether is also seen at 1260 and [15].

1050cnt!. These two strong absorption bands at
each end of 1300-1000 crh range are characteris-

Table 4
Polymerization reaction rate constarkg, values for different
monomers catalyzed by laccase enzyme from various so[2Tgs

Compound Laccase source Rate constant,
ko (s7)
Guaiacol Trametes versicolor 200
Guaiacol Fusarium graminearum 660
Vanillic alcohol Trametes versicolor 182
Vanillin Trametes versicolor 90
Vanillic acid Trametes versicolor 160
Eugenol Trametes versicolor 150
Dihydroeugenol Trametes versicolor 160
Hydroquinone Coriolus hirustus 404
Pyrocatechol Coriolus hirustus 492

4. Conclusions

Oxidative enzymatic polymerization of catechol
in a solution of sodium acetate buffer-acetone was
studied in a batch system at ambient temperature. Ki-
netics of the reaction mechanism was investigated by
employing a mathematical model presenting a multi-
substrate character for catechol and dissolved oxygen.
The correlation of theoretical and experimental ini-
tial reaction rates was quite fair indicating that the
choice of the employed model was correctly made.
A non-linear regression program evaluated kinetic
parameters/max, k2, Kmm, Kmo, andK; as 0.247g
O,m3min~1, 216s!, 70.75gm?3, 10.4gnr3
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and 48.15gm?3, respectively. The activation en-
ergy of the polymerization reaction was evaluated
as 66.8kJmol!, being almost in the typical range
of 30-60kJmot? for laccase-catalyzed polymer-
ization reactions of other monomers. Similarly, the
reaction rate constanky, has the order of magni-
tude with other works reported in literature. Through

laccase-catalyzed polymerization, catechol can be
removed from wastewater streams as a precipitate

or can be turned into a polymer product, which can

be used further for selective separation and coating
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