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PO/laccase/O2 biocatalytic
system for degradation of Indigo Carmine:
operative conditions and laccase inactivation†
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Serhii I. Sirobaba, ac Mykhailo O. Kompanets,b Victor M. Anishchenko b

and Alexander N. Shendrik a

The biocatalytic system laccase/TEMPO/O2 has attracted the attention of researchers over the past two

decades. A variety of applications for the system include organic synthesis, modification of cellulose, and

oxidative degradation of environmental contaminants. A rigorous and predictable quantitative

assessment of the change in enzymatic activity under the influence of a mediator is important for such

a system. In this study, the operative conditions for carrying out a model reaction for the degradation of

the synthetic dye Indigo Carmine in the presence of Trametes versicolor laccase/TEMPO were

determined and the enzyme inactivation under the action of a mediator and substrate was studied. The

long-term stability of Trametes versicolor laccase was assessed and the regression model of the

response surface of laccase activity under the influence of TEMPO was created. It has been shown that

laccase is inactivated in the presence of TEMPO, but the addition of the dye, CuSO4 or CuCl2 reduces

this effect. The system under study can be used repeatedly for the Indigo Carmine decolorization,

however, a gradual falling rate during the process is observed from cycle to cycle. This is due to two

reasons – firstly, a decrease in the enzyme activity with each batch and secondly, the consumption of

the mediator (22% within 5 days). Relatively high enzyme activity (>40%) is maintained after 73 cycles (1

portion of IC contained 25 mM) using 500 mM TEMPO and 0.12 U mL−1 laccase. The laccase/TEMPO

system has shown its effectiveness in the treatment of artificial wastewater containing high

concentrations of Indigo carmine (0.5 g L−1). In this case, the dye solution becomes 100% colorless

within 5 hours in the presence of dye bath components and within 7.5 hours in a buffer solution.
1 Introduction

Laccases (p-diphenol:oxygen oxidoreductase EC 1.10.3.2)
belong to the blue-copper family of oxidases. These enzymes are
considered ideal “green catalysts” because they require only
molecular oxygen as the nal electron acceptor for catalysis.1

Laccases, as nonspecic oxidative enzymes, can oxidize a wide
range of substrates such as lignin, phenols, and aromatic
amines.2 In recent years, intensive research has been directed
towards the development of effective biocatalytic systems using
laccases for bioremediation with the aim of oxidative degrada-
tion and detoxication of pollutants.3–6 But in several cases,
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laccases are not able to directly oxidize the substrate due to the
high redox potential of the substrate or the steric inaccessibility
of the enzyme active site.7 In this case, low molecular weight
compounds, called mediators, are used in combination with
laccases to indirectly oxidize organic compounds. Mediators are
primary substrates of laccases and are oxidized by enzyme to
active form, which in turn oxidizes organic compounds in
a non-enzymatic process. There is a lot of information in the
literature on mediators of various chemical nature7–15 such as
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),8–10

compounds with NOH-fragment,11–13 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO),14 phenolic natural
mediators.15 Each of the known mediators has its own advan-
tages and disadvantages and operates through different mech-
anisms: ABTS follow an electron transfer (ET),10 NOH-
compounds and phenolic natural mediators form active
radical intermediates that oxidize substrates via hydrogen atom
transfer,15,16 TEMPO-mediated oxidation proceeds by an ionic
mechanism.17–19 The efficiency of mediators in the processes of
laccase-catalyzed oxidation of organic compounds depends on
the activity and stability of their intermediates.19,20 In addition,
RSC Adv., 2023, 13, 20737–20747 | 20737
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laccase-mediator system (LMS) oen has the disadvantage that
the mediators are expensive and potentially toxic. Therefore, it
is necessary to carefully select the type and concentration of
mediators, to study the optimal operating parameters of the
oxidation process in each specic case.

The prospects for oxidative catalysis with laccase and stable
radicals are extremely promising. The combination of laccase
with TEMPO as mediator was rst successfully used for the
oxidation of benzyl alcohols.21 Many applications of this system
have been proposed over the past twenty years, including
bioremediation and detoxication of environmental
pollutants,22–24 aerobic oxidation of non-phenolic
substrates,14,19,21,25 selective oxidative modication of cellu-
lose,18,26 sugars,27 cellulose nanober production,28 biocatalyzed
organic synthesis, including transformation of biomass into
compounds with high added value.29–35

The mechanistic details of laccase/TEMPO catalyzed aerobic
oxidation of organic compounds is still a matter of
discussion.17–19,36,37 According with the proposed ionic mecha-
nism,17,18,21,36 laccase oxidizes TEMPO with concomitant four-
electron reduction of molecular oxygen to water. The resulting
oxoammonium cation (TEMPO+) directly oxidizes organic
compounds, while being reduced to N-hydroxyl-TEMPO
(TEMPO-H) (Fig. 1). Two possible ways of TEMPO regenera-
tion are proposed in the literature: oxidation of hydroxylamine
by laccase37 or nonenzymatic comproportionation of oxoam-
monium and hydroxylamine back to two TEMPO molecules.
However, as shown in the studies,17,18 the TEMPO regeneration
by laccase is unlikely and proceeds by non-catalytic reaction of
the oxoammonium cation with hydroxylamine.

The laccase/TEMPO/O2 system has shown a high potential in
dye decolorization processes.38–40 Treatment of wastewater
containing synthetic dyes is a serious problem due to its
complex aromatic structure, toxicity of dyes and resistance to
degradation.41–43 Most of these hazardous pollutants are dis-
charged into wastewater with either incomplete or no treat-
ment.44 Indigo Carmine (IC) is the representative indigoid dye
with aromatic complex structure, widely used as coloring agent
in many industries including the textile, cosmetics, food pro-
cessing, biomedical research.45 The extensive use of IC leads to
Fig. 1 The mechanism of aerobic oxidation of organic compounds cata

20738 | RSC Adv., 2023, 13, 20737–20747
environmental contamination, causing serious damage to the
health human and aquatic organisms.46 Numerous methods
have been developed to remove IC from wastewater,47–53 but
most of them have limitations such as expensive cost, incom-
plete dye decomposition or formation of toxic sludge. Eco-
friendly biocatalysts based on laccases for IC removal are
attractive both from economic and technical point of view.54,55

They can be easily combined with other water treatment
technologies.

The IC decolorization is a convenient model process for
evaluating the ability of enzymes to degrade persistent organic
compounds (POCs). However, IC is not a typical substrate of
laccases, and the complete decomposition of this dye by laccase
needs the help of a mediator. In this study, commercially
available laccase from Trametes versicolor (T. versicolor) was
used in combination with the TEMPOmediator for the oxidative
degradation of IC. T. versicolor laccase is the enzyme involved in
lignin oxidation, modication or degradation. This laccase is
industrially important enzyme due to its high redox potential
(785 mV)56 and high activity towards a wide range of substrates.
In recent years, T. versicolor fungi laccase has gained much
attention due to its removal of ecopollutants by enzymatic
degradation and adsorption.57

Despite considerable attention to the processes of oxidation
of organic compounds in the presence of the laccase/TEMPO/O2

biocatalytic system, there is not enough information on the
kinetics of oxidative degradation of dyes using this LMS, as well
as on the stability of T. versicolor laccase under the TEMPO
action. In this paper, we also considered the possibility of
multiple use of the system for the IC treatment.

2 Materials and methods
2.1 Materials

All chemicals including laccase from T. versicolor (1.07 U mg−1),
TEMPO, IC, CuSO4$5H2O, CuCl2$2H2O and Cu(NO3)2$3H2O
were purchased from Sigma-Aldrich and used as received.

CuSO4, CuCl2 and Cu(NO3)2 solutions were prepared in the
bidistilled water using CuSO4$5H2O, CuCl2$2H2O and
Cu(NO3)2$3H2O respectively. An aliquot (1 mL) of the resulting
lyzed by laccase/TEMPO/O2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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solution was titrated with 0.05 M EDTA solution at pH 7.0,
which was maintained by adding 0.1 M solutions of NH3$H2O
and NH4Cl. Murexide was used as indicator. The equivalence
point was xed by the color transition from yellow to purple.
The established concentration of CuSO4, CuCl2 and Cu(NO3)2
solutions were 0.32 M, 0.27 M and 0.34 M respectively
(error 1%).
2.2 Assay for laccase activity

Laccase activity was measured spectrophotometrically by the
oxidation of ABTS using Analytic Jena SPECORD 50 UV-Vis
spectrophotometer. The reaction mixture contained 0.1 mL of
ABTS (1 mM), 2.3 mL of citrate-phosphate buffer (McIlvaine
buffer (0.1 M citric acid and 0.2 M disodium phosphate)) (0.1 M,
pH 4.5), and 0.6 mL T. versicolor laccase (120 mg mL−1, 0.12 U
mL−1) into 3.0 mL quartz cuvette. The solutions were kept at
35 °C for 60 s and the resulting absorbances were measured at
420 nm (3 = 3.6 × 104 M−1 cm−1).58 Determination of enzyme
activity in the presence of TEMPO conducted into 3.0 mL quartz
cuvette containing 0.1 mL of ABTS (0.25mM), 2.75mL of citrate-
phosphate buffer at pH 4.5, and 0.15 mL reaction mixture.
Enzyme activity was expressed in international units. One unit
of activity is dened as the amount of laccase oxidizing 1 mmol
of substrate per min. Laccase activity was calculated using
eqn (1):59

E
�
U L�1� ¼

�
Af � Ai

�
Vt � 106

t3dVs

; (1)

where E is the activity of enzyme (U L−1); Af is a nal absorbance;
Ai is an initial absorbance; Vt is total volume of the reaction
system into cuvette (mL); Vs is sample volume of enzyme (mL); t
is reaction time (min); 3 is molar extinction coefficient
(M−1 cm−1); d is an optical path (1 cm); 106 is correction factor
to convert mol L−1 into mmol L−1. The assay was carried out at
the concentration of ABTS in the region of saturation of the
enzyme with the substrate (see Fig. S1 and S2†). In the investi-
gation used solutions of T. versicolor laccase with activity 6 ×

10−3 U mL−1 and 0.12 U mL−1 respectively.
2.3 IC decolorization experiments

IC decolorization was studied by registering the decrease in
solution absorbance at the maximum wavelength of dye (614
nm). Reaction mixture contained 0.6 mL T. versicolor laccase
(0.12 UmL−1), 0.1 mL dye (25 mM), 0.4 mL TEMPO (240 mM) and
1.9 mL of citrate-phosphate buffer (0.1 M) at pH 4.5 and at 35 °C
into 3.0 mL quartz cuvette. The decolorization efficiency or
percentage of color removal was determined according to
eqn (2):

Decolorization ð%Þ ¼ A0 � At

A0

� 100; (2)

where A0 and At denote the initial absorbance and aer treat-
ment at a certain time t. Control samples were run in parallel
with laccase or mediator alone. Doubly distilled water was used
to prepare solutions. For each assay duplicate runs were made.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.4 Effect of pH on the IC decolorization and oxidation of
hydroquinone and ABTS by laccase

The effect of pH on the IC decolorization was studied by treating
0.1 mL dye (25 mM) with 0.1 mL T. versicolor laccase (0.12 U
mL−1) in the presence of 0.1 mL TEMPO (500 mM) and 2.7 mL of
citrate-phosphate buffer (0.1M) at different pH: 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 in 3.0 mL quartz
cuvette. The reaction mixtures were kept at 35 °C for 30 minutes
and the resulting absorbances were measured at lmax of IC.

The effect of pH on the hydroquinone (HQ) or ABTS oxida-
tion was studied by treating 0.1 mL of substrate (500 mM and
1.0 mM in cuvette for HQ and ABTS respectively) with 0.1 mL T.
versicolor laccase (0.12 U mL−1) in the presence of 2.8 mL of
citrate-phosphate buffer (0.1M) at different pH: 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 in 3.0 mL quartz
cuvette. The reaction mixtures were kept at 35 °C and the
resulting absorbances were measured at lmax of HQ (291 nm, 3
= 3240 M−1 cm−1) or ABTSc+ (420 nm).
2.5 Effect of TEMPO concentration on the IC decolorization

The effect of the mediator concentration on the IC decoloriza-
tion was studied using of 0.1 mL IC (25 mM) in the presence of
TEMPO in the concentrations ranged from 60 to 1250 mM by
step 60 mM with 0.6 mL T. versicolor laccase (0.12 U mL−1) in
3.0 mL quartz cuvette in the citrate-phosphate buffer at pH 4.5
and 35 °C. All the experiments were performed in triplicate.
2.6 Reusability of the laccase-mediator system

The reusability of the laccase/TEMPO system was examined
using 0.6 mL T. versicolor laccase (0.12 U mL−1) and 0.4 mL
TEMPO (500 mM) for successive IC decolorization for 85 cycles
(35 h) adding 10 mL of dye (25 mM) in each of them. The total
amount of added dye was 2.12 mM (1.0 g L−1). The reaction was
run until to complete IC decolorization was achieved. Experi-
ments were set up as described in Section 2.1, adding only IC
solutions in the water when starting a new batch.
2.7 Determination of products of the IC oxidation

IC oxidation products aer complete decolorization of dye were
determined by HPLC and identied by comparing their reten-
tion times and UV-Vis spectra to those of known compounds.
The reaction mixture consisted of 0.5 g L−1 of IC, 0.12 UmL−1 T.
versicolor laccase and 500 mM TEMPO in the citrate-phosphate
buffer at pH 4.5 at 35 °C. Composition of reaction mixtures
were monitored by RP-HPLC using an Agilent 1100 system with
a diode array detector. Separations were carried out on the
chromatographic column ZORBAX SB-C18 (250 mm × 4.6 mm,
5 mm). The following gradient composition used for each
analysis: 0–3min – 90% A + 10% B at the ow rate 0.5 mLmin−1,
8 min – 60% A + 40% B at the ow rate increased to 1 mLmin−1,
15 min – 0% A + 100% B at the ow rate increased to 1.5
mL min−1, 20 min – 0% A + 100% B at the ow rate 1.5
mL min−1, where A is water (0.05 M H3PO4) and B is methanol.
The injection volume was 5 mL, column temperature was 35 °C.
RSC Adv., 2023, 13, 20737–20747 | 20739
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Fig. 2 UV-Vis absorption spectra of the IC consumption in the pres-
ence of laccase/TEMPO. [IC]0 = 25 mM, [laccase]0 = 0.12 U mL−1 and
[TEMPO]0 = 240 mM in the citrate-phosphate buffer pH 4.5 at 35 °C.
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Detection was performed at the wavelengths of 206 nm, 230 nm,
242 nm, and 372 nm.12

2.8 Decolorization of the simulated textile effluent

The composition of the simulated textile effluent was based on
instructions of the manufacturer Bezema AG (Montlingen,
Switzerland) for acid dyes.60 It consisted of 0.5 g L−1 of IC and
50 g L−1 of Na2SO4, and 1.0 mL L−1 of 80% CH3COOH in
bidistilled water. The pH was adjusted to 4.5 with HCl. The
solutions were incubated in volume 50 mL at 35 °C. The reac-
tion mixture contained 6.2 mg T. versicolor laccase (0.12 U
mL−1), 500 mM TEMPO and 25 mg IC (0.5 g L−1) in the reaction
mixtures. Aliquots (0.1 mL) were diluted in 2.9 mL in simulated
textile effluent and registrated absorbance at the maximum
wavelength of IC (614 nm) in 3.0 mL quartz cuvette. Spectral
locations of the wavelengths of maximum absorption of IC,
TEMPO and ABTS+c neither overlaps nor interfere with the
activity assay. No magnetic stirring was used. The decoloriza-
tion efficiency was determined according to eqn (2).

2.9 Effect of TEMPO on laccase activity

Laccase activity was measured at several concentrations of
TEMPO (0, 0.1, 0.3, 0.5, 0.8, 1.0, 1.3, 1.5 mM) both in the
presence and in the absence of IC in citrate-phosphate buffer at
pH 4.5 and 35 °C. The initial laccase activity was 0.12 U mL−1.
The experiments were carried out in 10 mL Erlenmeyer asks.
Samples were taken at selected reaction times: 0, 3, 6, 9, 12, 24,
36, 48, 60, 72, 84, 96 h and subsequently diluted (1 : 20) using
citrate-phosphate buffer at pH 4.5. The dilution avoided rapid
oxidation of ABTS by TEMPO+. Aliquots (0.15 mL) were diluted
in 2.8 mL of citrate-phosphate buffer pH 4.5, in 3.0 mL quartz
cuvette, incubated at 35 °C for 5 minutes, added 50 mL of ABTS
(250 mM) and analyzed the residual activity using the procedure
described above in Section 2.2. The control experiment was
carried out without TEMPO in the reaction mixture under
similar conditions.

Comparing obtained results were use eqn (3) for relative
activity:

Relative activity ð%Þ ¼ Et

E0

� 100%; (3)

where Et and E0 are the current activity of T. versicolor laccase in
the reaction mixture and initial activity of enzyme in the citrate-
phosphate buffer at pH 4.5 (U mL−1) respectively.

2.10 Effect of IC on laccase activity

The assay reaction mixture (50 mL) contained 0.5 g L−1 or 2.0 g
L−1 IC (25 mg or 100 mg) respectively, 6.2 mg T. versicolor lac-
case (0.12 U mL−1) both with and without TEMPO (500 mM).
Reaction mixtures were incubated at 35 °C and aliquots (0.15
mL) were sampled at different incubation periods: 0, 3, 6, 9, 12,
24, 36, 48, 60, 72 h. Aliquots were diluted in 2.8 mL citrate-
phosphate buffer at pH 4.5 in 3.0 mL quartz cuvette and incu-
bated at 35 °C for 5 minutes, added 50 mL of ABTS (250 mM) and
analyzed the residual activity using the procedure described
above in Section 2.2. Absorption bands of IC, TEMPO and
20740 | RSC Adv., 2023, 13, 20737–20747
ABTS+c have neither overlap nor interfere with the activity
analysis. Control experiment was provided in the absence of IC
and TEMPO in similar conditions. The relative activity was
determined according to eqn (3).
2.11 Effect of CuCl2, Cu(NO3)2 and CuSO4 on the laccase
activity

Laccase activity in the presence of CuSO4, CuCl2 or Cu(NO3)2
was determined by monitoring the oxidation of ABTS at 420 nm.
The reaction mixture (50 mL) included several CuSO4, CuCl2 or
Cu(NO3)2 concentrations (0.5, 1, 5, 10 mM), 6.2 mg T. versicolor
laccase (0.12 U mL−1) both with and without TEMPO (500 mM).
Reaction mixtures were incubated at 35 °C and aliquots 2.8 mL
without TEMPO and 0.15 mL in presence of TEMPO were
sampled at different incubation periods: 0, 3, 6, 9, 12, 24, 36, 48,
60, 72 h. Aliquots 0.15 mL were diluted in 2.8 mL citrate-
phosphate buffer at pH 4.5 in 3.0 mL quartz cuvette, incu-
bated at 35 °C for 5 minutes, added 50 mL of ABTS (250 mM).
0.1 mL of ABTS (1 mM) was added in the aliquot without
TEMPO (2.9 mL) and analyzed the residual activity using the
procedure described above in Section 2.2. Control experiment
was provided neither CuSO4, CuCl2, Cu(NO3)2 nor TEMPO in the
reaction mixture under similar conditions. Spectral locations of
the wavelengths of maximum absorption of CuSO4, CuCl2,
Cu(NO3)2, TEMPO and ABTS+c neither overlaps nor interfere
with the activity assay.
3 Results and discussion
3.1 IC decolorization in the presence of laccase/TEMPO
system

The IC transformation was analyzed by monitoring the decrease
in absorption band at 614 nm. Corresponding spectra of the IC
solutions during treatment with the T. versicolor laccase/TEMPO
system is shown in Fig. 2. The intensive blue color of IC solution
turned to a pale-yellow during the reaction and the color
removal was achieved without the stirring of solution. The
results suggest the cleavage of the double bond of dye chro-
mophoric structure and new compounds formation. Laccase/
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra03107a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 8
:0

6:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
TEMPO system provided complete decolorization of IC solution
in about 1000 s in the presence of mediator. Decolorization of
IC in the presence only mediator or laccase in blank experi-
ments was not observed during the same time.
3.2 Effect of pH

The inuence of pH on the process of IC decolorization in the
presence of the laccase/TEMPO system was studied in the pH
range of 2.0–8.5 with other xed parameters. The dependence
has a bell-shaped form (Fig. 3), which is characteristic of enzy-
matic reactions involving laccases. The observed pH prole
reects the combined result of pH-dependent transformations
of the enzyme, mediator, and dye. The pH optimum depends
both on the type of laccase,61 and the chemical nature of the
substrate.12,62 It is known that pH affects the conformation and
activity of the enzyme, the stability of the mediator, and its
ability to bind to the active site of laccase.61,63 The highest
decolorization rate was achieved under acidic conditions in the
pH range from 4.0 to 5.0, the optimal pH for T. versicolor laccase
activity in citrate-phosphate buffer.64 As can be seen from Fig. 3
biocatalytic system is ineffective at 3.5 > pH > 5.5. Saoudi et al.63

showed that an excess either H+ or OH− ions destroy hydrogen
bonds and disulde bridges in T. versicolor laccase, causing
a decrease in the functional ability of the enzyme. In addition,
the enzyme is inhibited by hydroxyl ions with an increasing pH
(involving T2 Cu in laccase).61 It should be noted that TEMPO-
mediated aerobic oxidation is a complex multi-stage process.
The pH of the medium affects both activity of laccase, and
interconversions of TEMPO, TEMPO+, and TEMPO-H. It is re-
ported that reactions involving TEMPO and its reactive forms
are sensitive to the pH of the medium.18 One-electron oxidation
of TEMPO with laccase in the presence of O2 to the oxoammo-
nium ion TEMPO+ is effective in an acidic medium.18 Increasing
pH to 6.8 is preferable for the comproportionation reaction of
TEMPO+ with TEMPO-H to form TEMPO.65 However, as
mentioned above, laccase activity sharply decreases with
increasing pH. In general, the observed dependence (Fig. 3) is
very similar to the pH prole of T. versicolor laccase activity
obtained when used hydrohinone (Fig. 3) syrinaldehyde,64
Fig. 3 Effect of pH on the initial rate of HQ oxidation by laccase and IC
by LMS. [IC]0 = 25 mM, [laccase]0 = 0.12 U mL−1, [TEMPO]0 = 500 mM,
and [HQ]0 = 500 mM in the citrate-phosphate buffer at 35 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
TEMPO66 as substrates. Obtained dependence of pH on V0 of the
process of IC decolorization indicates that pH primarily affects
the enzymatic reaction, and not the second cycle (chemical
reaction) of the process under study.

3.3 Effect of initial mediator concentration

Fig. 4 shows the dependence of the reaction rate of IC decolor-
ization on the TEMPO concentration from 60 mM to 1250 mM in
the presence of laccase (0.12 U mL−1). The plot has saturation
region and obeys Michaelis–Menten kinetics. The Lineweaver–
Burk plot was used to determine kinetics parameters: KM,eff (0.54
± 0.05) mM and Vmax,eff (99 ± 5) nM s−1. Previously, the
elementary step of TEMPO enzymatic oxidation has been directly
studied for TEMPO and laccase from T. versicolor,17,18,25,36,37,65,67,68

and Michaelis constants KM were determined 1.8 mM,68

1.314 mM,25 0.393 mM.37 Even though we studied the general
process of IC decolorization instead of the oxidation reaction of
TEMPO by laccase, we obtained a very close value KM,eff.

3.4 Reusability of the laccase-mediator system

The reusability of T. versicolor laccase/TEMPO to decolorize IC
was investigated for 73 cycles. Decolorization was carried out by
sequential addition of the dye to the reaction mixture. Each
cycle was continued until the complete disappearance of the dye
color, and then another dose of 25 mM (11.7 ± 0.1 mg L−1) IC
was added to the solution to start the next cycle without adding
enzyme or mediator. The amount of used TEMPO was
21.5 mol% for treatment 0.85 ± 0.05 g L−1 of IC at laccase
activity 0.12 U mL−1 (Fig. 5). At the same time, the catalytic
system retained the ability to effectively bleach the dye aer 73
cycles.

Complete decolorization of the dye (98%) was achieved within
12.5 min aer the rst IC addition, but the reaction time grad-
ually increased from cycle to cycle and reached 85 min in the
73rd cycle. In this case, the decolorization rate (V0) decreased by
10 from (3.3 ± 0.2) × 10−8 M s−1 (t = 0, cycle 1) to (3.5 ± 0.3) ×
10−9 M s−1 (t= 33 h, cycle 73). A gradual decrease in the reaction
rate may be associated with a fall in enzyme activity and/or the
inefficient consumption of mediator in the system. HPLC
Fig. 4 Effect of TEMPO concentration on the initial rate of IC oxida-
tion. [IC]0 = 25 mM and [laccase]0 = 0.12 U mL−1 in the citrate-phos-
phate buffer at pH 4.5 at 35 °C.

RSC Adv., 2023, 13, 20737–20747 | 20741
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Fig. 5 Decolorization of IC by T. versicolor laccase/TEMPO in a continuous recycling mode. Reaction mixtures containing [laccase]0 = 0.12 U
mL−1, [TEMPO]0 = 500 mM in the citrate-phosphate buffer at pH 4.5 were incubated consecutively with 25 mM IC at 35 °C. Relativity activity of
laccase ( ).
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analysis of IC decomposition products (Fig. 6) using LMS showed
that the TEMPO concentration decreased by 22.5 ± 1.0%
compared to initial one aer 5 days of the reaction solution
incubation. Arends et al.19 showed that the oxoammonium cation
is not stable in an acidic buffer, and its decomposition can occur
during laccase catalyzed oxidation. On the other hand, it is
known, that T. versicolor laccase is unstable in the presence of
TEMPO.19 These main reasons for the slowing down of the
decolorization process agree with our results on changes in lac-
case activity during IC decolorization. Fig. 5 shows that the
residual activity of laccase was 42% aer 35 h IC decolorization
with sequential addition of a dye. The laccase inactivation
mechanism by TEMPO is still not well understood, but the
deactivation of laccase presumably occurs due to the oxidation of
alcohol groups of amino acid residues or glycosyl fragments of
the enzyme by reactive oxoammonium particles.19
3.5 Analysis of products of the IC degradation

The oxidation products of IC by T. versicolor laccase and TEMPO
were analyzed by HPLC and identied by comparing their
Fig. 6 Chromatogram of IC degradation products sample (100 mL)
containing decolorization mixture of IC by laccase and TEMPO; lac-
case and TEMPO; IC and TEMPO in the citrate-phosphate buffer at pH
4.5 at 35 °C. [IC]0 = 0.5 g L−1, [laccase]0 = 0.12 U mL−1, [TEMPO]0 =

500 mM.

20742 | RSC Adv., 2023, 13, 20737–20747
retention times and UV-Vis spectra of known compounds. The
disappearance of the dye peaks and appearance of the new peaks
during the course of reaction indicates the dye degradation and
formation of new metabolites. The chromatogram of IC oxida-
tion and the UV absorption spectra (Fig. 6) show clearly the
formation of isatin-5-sulfonic acid (ISA) (5.2 min), 4-sulfo-3-
anthranilic acid (SAA) (5.5 min) and anthranilic acid (AA) (5.7
min) with the corresponding disappearance of the IC peak (9.4
min). The peaks at 6.4 min and 14.9 min refer to citric acid (CA)
(component of buffer) and TEMPO respectively. The chromato-
gram also contains traces of unknown UV-active molecules with
retention times ca. 9.0 min. The detection peaks were performed
at three different wavelengths to test the proposed path.

The mechanism of IC oxidation to form ISA, SAA and AA is
known and described (Scheme S1†).11,69 It can be assumed that
the rst stage is the cleavage of the double bond of ISA, the next
stage is decarboxylation of ISA to SAA with subsequent elimina-
tion of the sulfo-group and the formation of AA. Isatins are known
to be biologically active compounds and important precursor
molecules in organic synthesis. The formation of isatin deriva-
tives during the oxidation of the IC dye may lead to alternative
methods for the synthesis of various drugs based on them.70

3.6 Decolorization of the simulated textile effluent

The dye wastewater discharged from the textile industry usually
contains high levels of various inorganic salts, detergents, and
other additives. The ability of LMS to maintain stability in real
systems is very important for their effective use in wastewater
treatment. The presence of salts and high dye concentration can
inhibit the enzyme action.

Experiments were carried out with simulated textile drains to
test the effectiveness of the method for a more complex real
system. As shown in Fig. 7, the decolorization rate of IC in the
presence of salts and high dye concentration (0.5 g L−1) is even
faster than in a buffer solution. Aer 5 hours, complete IC
decolorization is observed compared to 7.5 hours in buffer.
These results are consistent with previous studies, which
showed that the rates of degradation processes of pollutants
catalyzed by laccases in real wastewater were higher than in
buffer solutions.71 Thus, the laccase/TEMPO system showed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The kinetic curve of IC consumption in the presence of laccase/
TEMPO system by adding Na2SO4 i CH3COOH (1) and in the citric-
phosphate buffer (2) at pH 4.5. [Laccase]0 = 0.12 U mL−1, [TEMPO]0 =

500 mM, [IC]0 = 0.5 g L−1, 35 °C.
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high efficiency, stability, and tolerance to the components of the
reaction mixture. On Fig. 7 shows IC decolorization kinetic
curves for simulated textile stocks (1) and buffer solution (2).
Such a difference in the behavior of the laccase/TEMPO system
can be associated with the inuence of salts present in the
buffer solution and simulated effluents.
3.7 Effect of TEMPO on laccase activity

To understand the effect of TEMPO, we assayed the laccase
activity within 96 h at a constant initial laccase concentration of
0.12 U mL−1 both in the absence and in the presence of
different concentrations of mediator. In total, as a result of
independent experiments, 96 points were obtained (Table S1†),
which were used to plot the response surface of laccase activity
from initial concentration of TEMPO and reaction time (Fig. 8).

Fig. 8 demonstrates that approximately 31.6% of the initial
laccase activity remained aer 4 days of incubation in citrate-
phosphate buffer at pH 4.5 in the absence of TEMPO. Earlier
studies showed72,73 that the laccase from T. versicolor is inhibi-
ted by the citric acid. Authors believe that this might be due to
Fig. 8 Response surface plot and contour plot of laccase relative
activity from the initial TEMPO concentration and time.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the formation of complexes with the copper ions as well as by
changes of the medium acidity. The addition of different
TEMPO concentrations sharply reduced laccase activity. In the
presence of 1.5 mM TEMPO, the laccase was completely deac-
tivated already within 96 h. A decrease in the mediator
concentration to 0.1 mM led to enzyme deactivation with the
residual activity of 13.0%. Previously the inactivation of T. ver-
sicolor laccase under TEMPO was studied24,28,38,74–76 and decrease
in the enzyme activity was observed. However, all studies were
carried out under different conditions. The authors of
works38,74–76 determined laccase activity only at one concentra-
tion of TEMPO. Jiang et al.28 monitored the enzyme activity in
the presence of kra cellulose, and Kobakhidze et al.24 analyzed
the activity of immobilized laccase in the presence of TEMPO.
In this work, 3D modeling made it possible to obtain a quanti-
tative assessment of the change in enzymatic activity at eight
TEMPO concentrations (from 0 to 1.5 mM) over time.
3.8 Effect of IC on laccase activity

Then we examined the effect of IC on laccase activity for 3 days.
As can be seen from Fig. 9 laccase activity increased in a buffer
solution to a maximum value on 3 h (117.1%), as well as at high
concentrations of IC (0.5 g L−1, but not 2.0 g L−1) both in the
presence (116.8%), and in the absence of a mediator (112.1%).
Stimulation of laccase activity may be the result of physiological
changes in laccase due to the toxicity of the compounds, as
previously demonstrated for various dyes77 and other xenobi-
otics.78 A decrease in enzyme activity was observed for all
studied systems aer 12 h. The data of Fig. 9 show that the dye
in the absence of TEMPO weakly inactivated laccase since the
relative activity in the presence of IC approximately coincided
with its values in the buffer solution. The greatest decrease
enzyme activity was observed in the presence of only the
mediator, while the residual activity was 56.3% aer 24 h and
14.1% aer 72 h of the incubation period. The addition of IC
(0.5 g L−1) in the presence of TEMPO resulted in a slight but
statistically signicant delay in the decline in enzyme activity:
the residual activity of the enzyme reached 61.4% aer 24 hours
and 22.5% aer 72 h. The positive effect of IC is even more
signicant at concentration of 2.0 g L−1: following 6, 9, 12, 24 h
of incubation, the residual activity of the enzyme was 103.4,
101.5, 98.1 and 74.8%, however, aer 36 h, the fall in laccase
activity accelerated and reached 14.6% at 72 h.

The laccase-generated oxoammonium cation TEMPO+ appears
to be responsible for the enzyme inactivation because IC slows
down the inactivation of laccase by TEMPO. TEMPO+ is active
form of the mediator that oxidizes IC in a non-enzymatic catalytic
cycle (Fig. 1), but it also reacts with laccase, thereby inactivating
the enzyme. When a substrate is added, TEMPO+ is rapidly
consumed in the oxidative process, so laccase inactivation slows
down. A mechanism involving two competing processes previ-
ously has been described for TEMPO19 and other mediators.79,80

The authors showed that high concentrations of mediators
maintain high reaction rates, but also lead to rapid enzyme
inactivation. It is important to limit the mediator concentration
in reaction systems in order to maintain the catalytic stability of
RSC Adv., 2023, 13, 20737–20747 | 20743
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Fig. 9 Impact of IC and TEMPO on the laccase activity. The error bars represent the standard deviation of triplicate samples.
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laccase in the long term for use in continuous processes. For
research, we chose the optimal mediator concentration of 500
mM, at which a high rate of the process is observed (see Fig. 5) and
relatively low inhibition of laccase (Fig. 9). TEMPO (500 mM) and
laccase (1.5 U mL−1) were successfully used by the authors of the
works for the oxidation of phenol.76 Feng et al. reported a medi-
ated T. versicolor/TEMPO the transformation of b-blocker atenolol
at optimal concentrations of laccase of 0.5 U mL−1 and mediator
of 500 mM.81 Obleser et al.25 determined important parameters for
oxidation reaction of anis alcohol to aldehyde using T. versicolor
laccase/TEMPO system. The authors showed that the minimum
effective laccase concentrations >0.25 U mL−1 with mediator :
substrate ratio 0.3 equiv. In our case, laccase concentration of
0.12 U mL−1 is sufficient for successful oxidation of IC when
loading the mediator 500 mM.
3.9 Effect of CuCl2, Cu(NO3)2 and CuSO4 on the laccase
activity

Copper ions play a very important role in the processes of bio-
oxidation involving laccases, because of Cu is located in the
Fig. 10 Impact of CuCl2, Cu(NO3)2, CuSO4 and TEMPO on the laccase
samples.

20744 | RSC Adv., 2023, 13, 20737–20747
active center of laccase. It is known that the addition of copper
to the nutrient medium stimulates the production of lac-
case,82,83 affects of the laccase activity and the rate of biodeg-
radation of oxidizable compounds.84,85

To determine the effect of copper ions on the activity of T.
versicolor laccase, the enzyme was incubated in a buffer solution
in the presence of Cu(NO3)2, CuCl2 or CuSO4 at a concentration
of 1 mM (Fig. 10, S3–S8, Tables S2–S7†) with and without
TEMPO. It was found that laccase activity did not differ from
that in a buffer solution in the presence of CuSO4 without
TEMPO: laccase remained stable for 72 h. Cu(NO3)2 also did not
affect the stability of laccase for 24 h. However, Cu(NO3)2
reduced the enzyme activity by 6.3% compared to the control
sample with an increase in the incubation time to 72 h. The
negative effect of Cu(NO3)2 was especially pronounced in the
presence of a mediator. Catalytic system Cu(NO3)2 with TEMPO
are effectiveness used for oxidation organic compounds,86 but it
does not oxidase of ABTS in the our conditions. The residual
activity of laccase was less than in the presence of only mediator
by 19.1% aer 12 h and 4.2% aer 72 h. At the same time,
CuSO4 had a positive effect on the laccase activity in the
activity. The error bars represent the standard deviation of triplicate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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presence of TEMPO. It can be seen from Fig. 10 the residual
activity of the enzyme aer 72 h was 26.3%, while in the pres-
ence of only the mediator it was 14.1%, and in the presence of
Cu(NO3)2 and the mediator it was 9.9%. These results clearly
show the positive effect of CuSO4 as an inducer of laccase
activity.

CuCl2 showed the best result. When salt is added to the
laccase buffer solution, an increase in enzyme activity is
observed up to 132% aer 3 h and 129% aer 6 h. The activity
then slowly decreases to 106% aer 24 h and remains stable
even aer 72 h of incubation (101%). CuCl2 signicantly slows
down the mediator inactivation of laccase. As can be seen from
Fig. 10, laccase remains stable in the presence of TEMPO for
36 h of incubation, while the activity of the enzyme is higher
than in the control sample by 18%. Then there is a gradual
decrease in laccase activity to 45% aer 72 h. These results
clearly show the positive effect of CuCl2 as an inducer of laccase
activity.

The inuence of metal cations on laccase activity has been
studied in numerous works.71–73,82–85 As for anions, there is very
little information available on this matter.87 However, it is
known that Cu(NO3)2 in combination with aminooxy radi-
cals86,88 or their precursors,89 successfully catalyzes the oxida-
tion of organic compounds with molecular oxygen. But it is
obvious that Cu(NO3)2 negatively affects the T. versicolor. It is
not possible to determine exactly the mechanism of the effect of
anions on the enzyme based on the obtained results. However,
it can be assumed that the enzyme inactivation occurs because
of a specic interaction of nitrates with charged amino acid
residues in the active site, which causes a change in the
conformation of the enzyme with damage to the catalytic site.
4 Conclusions

In this work, we studied the main physicochemical parameters,
such as pH, initial dye, and mediator concentrations to achieve
maximum IC decolorization with the T. versicolor laccase/
TEMPO/O2 biocatalytic system. The above results showed that
IC decolorization occurs in a short time and that LMS can be
reused for batch reactions. The system demonstrated 100% IC
decolorization within 5 hours in the presence of dye bath salts
and high IC concentration. Three major metabolites of IC
biodegradation were identied using HPLC analysis coupled
with UV spectroscopy. The study evaluated the long-term
stability of the T. versicolor laccase in the presence of dye,
mediator, and copper. Laccase is inactivated in the presence of
TEMPO, which signicantly limits the possibilities of LMS.
Response surface plot of laccase relative activity from the initial
TEMPO concentration over time was built. The optimal condi-
tions for maintaining a sufficient level of enzymatic activity have
been determined. A positive effect of CuCl2 and CuSO4 on the
stability of laccase has been established, and Cu(NO3)2, on the
contrary, inactivates the enzyme. The system under study can be
used for complex wastewater treatment, since it is quite versa-
tile and capable of oxidizing a wide range of stable organic
compounds. The results obtained can be used as a guide for
© 2023 The Author(s). Published by the Royal Society of Chemistry
understanding the catalytic activity of the T. versicolor laccase/
TEMPO/O2 system and optimizing processes involving it.
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29 A. D́ıaz-Rodŕıguez, L. Martinez-Montero, I. Lavandera,
V. Gotor and V. Gotor-Fernandez, Adv. Synth. Catal., 2014,
356, 2321–2329, DOI: 10.1002/adsc.201400260.

30 D. P. Hickey, M. S. McCammant, F. Giroud, M. S. Sigman
and S. D. Minteer, J. Am. Chem. Soc., 2014, 136, 15917–
15920, DOI: 10.1021/ja5098379.
20746 | RSC Adv., 2023, 13, 20737–20747
31 C. Risi, F. Zhao and D. Castagnolo, ACS Catal., 2019, 9, 7264–
7269, DOI: 10.1021/acscatal.9b02452.

32 P. Borowiecki, A. Rudzka, T. Reiter andW. Kroutil, Catal. Sci.
Technol., 2022, 12, 4312–4324, DOI: 10.1039/D2CY00145D.

33 C. S. Hong, S. Y. Chin, C. Kui Cheng and G. K. Chua, Chem.
Eng. Commun., 2019, 206, 1645–1660, DOI: 10.1080/
00986445.2019.1566128.

34 A. D. Cheng, M. H. Zong, G. H. Lu and N. Li, Adv. Sustainable
Syst., 2021, 5, 2000297, DOI: 10.1002/adsu.202000297.

35 M. A. M. Capozzi, I. Marino, E. Pignataro, D. Danzi,
F. Cellini, C. Cardellicchio, A. Biundo and I. Pisano, Waste
Biomass Valorization, 2022, 1–15, DOI: 10.21203/rs.3.rs-
1307118/v1.

36 I. W. Arends, Y. X. Li, R. Ausan and R. A. Sheldon,
Tetrahedron, 2006, 62, 6659–6665, DOI: 10.1080/
10242420601040683.

37 J. Kulys and R. Vidziunaite, J. Mol. Catal. B: Enzym., 2005, 37,
79–83, DOI: 10.1016/j.molcatb.2005.09.010.

38 L. Mendoza, M. Jonstrup, R. Hatti-Kaul and B. Mattiasson,
Enzyme Microb. Technol., 2011, 49, 478–484, DOI: 10.1016/
j.enzmictec.2011.08.006.

39 R. Hürmüzlü, M. Okur and N. Saraçoğlu, Int. J. Biol.
Macromol., 2021, 192, 331–341, DOI: 10.1016/
j.ijbiomac.2021.09.213.

40 Z. Li, Q. Zhu, Z. Liu, L. Sha and Z. Chen, New J. Chem., 2022,
46, 9792–9798, DOI: 10.1039/D2NJ00049K.

41 M. Berradi, R. Hsissou, M. Khudhair, M. Assouag,
O. Cherkaoui, A. El Bachiri and A. El Har, Heliyon, 2019,
5, e02711, DOI: 10.1016/j.heliyon.2019.e02711.

42 L. D. Ardila-Leal, R. A. Poutou-Piñales, A. M. Pedroza-
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