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Abstract: Laccase is a copper-containing enzyme that does not require hydrogen peroxide as a
co-substrate or additional cofactors for an enzymatic reaction. Nanomaterials of various chemical
structures are usually applied to the construction of enzyme-based biosensors. Metals, metal oxides,
semiconductors, and composite NPs perform various functions in electrochemical transformation
schemes as a platform for the enzyme immobilization, a mediator of an electron transfer, and a signal
amplifier. We describe here the development of amperometric biosensors (ABSs) based on laccase and
redox-active micro/nanoparticles (hereafter—NPs), which were immobilized on a graphite electrode
(GE). For this purpose, we isolated a highly purified enzyme from the fungus Trametes zonatus, and
then synthesized bi- and trimetallic NPs of noble and transition metals, as well as hexacyanoferrates
(HCF) of noble metals; these were layered onto the surfaces of GEs. The electroactivity of many
of the NPs immobilized on the GEs was characterized by cyclic voltammetry (CV) experiments.
The most effective mediators of electron transfer were selected as the platform for the development
of laccase-based ABSs. As a result, a number of catechol-sensitive ABSs were constructed and
characterized. The laccase/CuCo/GE was demonstrated to possess the highest sensitivity to catechol
(4523 A·M−1·m−2) among the tested ABSs. The proposed ABSs may be promising for the analysis of
phenolic derivatives in real samples of drinking water, wastewater, and food products.

Keywords: laccase; electroactive nanoparticles; amperometric biosensor; catechol analysis

1. Introduction

Laccase (EC 1.10.3.2, p-diphenol:oxygen oxidoreductase) belongs to the family of
multicopper blue oxidase, which is typically found in plants and fungi. Laccase reduces
molecular dioxygen to water while catalyzing the oxidation of a variety of compounds
including polyamines, lignins, aryldiamines, a number of inorganic ions, and phenol
derivatives [1,2].

Phenolic compounds are important markers in medicine, pharmaceuticals, the food
industry, and pollution control. Laccase-based monitoring of phenol derivatives is a
promising analytical approach to improve food production and environmental safety [3–5].

Laccase is generally used in different industries, including food, textile, wood, phar-
maceutical industries, and others [4–9]. The global laccase market is projected to reach USD
3 million in 2022 and is forecasted to reach USD 4 million by 2028 (adjusted for a compound
annual growth rate of 4.3% during the review period). Among those applications, the
textile industry is the largest field [10]. Additionally, laccases are very useful in green
organic syntheses, due to their efficient catalyzing polymerization of phenolic and aromatic
compounds. This process was seen to be initiated by the formation of a radical cation,
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followed by intermolecular attacks to produce dimmers/oligomers/polymers, which are
useful in the food, wood, medical, and cosmetic industries [1–3,7–11].

Currently, there are six major laccase suppliers in the world: Novozymes, DuPont,
Amano Enzyme, Yiduoli, Sunson, and Denykem; together they comprise 98% of the total
market [10]. Novozymes is the global leader, with a production share of 66%. DuPont
is the second largest producer. Since market concentration in this industry is high, the
search continues for new cost-effective producers of laccase and the development of simple
technologies for its isolation [1–4,12–15]. The fabrication of sensitive analytical methods
based on laccase also remains relevant [5,12].

The growing discoveries of novel varieties of laccase have demonstrated that laccase
classification and investigation are not so simple [11–16]. The classification of multi-copper
oxidases assigned as laccases remains a challenge too [1–3,9,11]. Because of the great variety
among the known laccases, for the sake of simplicity, Reiss et al. [2] proposed the term
“laccase-like multi-copper oxidase” (LMCO) to distinguish them from the laccase enzyme
originally identified from the sap of the lacquer tree Rhus vernicifera [17].

In our previous work, the screening of fungi and mushroom cultures for their capa-
bility to synthesize laccase was carried out, the best producers of laccase were selected,
the optimal conditions were estimated for cell cultivation to achieve the highest produc-
tivity of these enzymes, and novel laccase-based amperometric biosensors (ABSs) were
proposed [18,19].

Among many recent advanced detection platforms, laccase-based biosensors are
superior for their rapid, effective, and online use by in situ devices for the determination of
phenolic compounds [19–23]. In enzyme-based biosensors, immobilization methods play
a significant role. Future potential has been proposed for novel achievements in laccase
immobilization techniques (entrapment, adsorption, cross-linking, and covalent) on new
nanocomposites, including electroactive nanomaterials for laccase-based biosensors [19,23].

Numerous nanostructured carriers have been developed to advance traditional en-
zyme immobilization strategies, including carbon nanotubes, graphene and its derivatives,
nanoparticles, nanoflowers, and metal-organic frameworks with unique properties. These
platforms for enzyme immobilization have a high surface-to-volume ratio, high surface
area, robust chemical and mechanical stability, surface pendant functional groups, and
outstanding electrical characteristics, resulting in a higher concentration and stabilization
of the immobilized enzyme [3,12,19–21].

NPs of various chemical structures and materials are known to be useful in the
development of electrochemical sensors. Metal, metal-oxide, semiconductor, and composite
NPs perform various functions in electrochemical transformation schemes. Their mediator
properties are the most important factors [22–24].

The growing need in the catalytic industry can be met by multi-enzymes co-immobilized
on these nanostructured materials that form the support matrices. Precise coordination be-
tween the target enzyme molecules and the surface pendant multifunctional nanostructured
carriers has led to an effective and significant contribution in various novel applications for
industry, biotechnology, and biomedicine [22,23].

The aim of the current work was to develop ABSs for catechol assay. Catechol
(1,2-benzenediol) is a natural phenolic compound that is widely used in a variety of indus-
trial applications including production of plastic, rubber, pesticides, and pharmaceuticals.
In nature, catechol was detected in higher plants, including fruits, vegetables, tobacco,
tea, and other products. As a toxic compound, catechol even at low concentrations (in
foods and cigarette smoke) may cause mutagenic and cancerogenic transformations in
humans, including renal tube degeneration and decreases in liver functions [25]. As cat-
echol has been found in a variety of organisms as well as in the environment, various
institutions such as healthcare, environmental safety, and industrial quality control need
reliable, reproducible analytical methods to monitor toxic catechol [25,26].

Many techniques have been proposed for the detection of catechol and other deriva-
tives of phenol, including high-performance liquid chromatography, thin-layer chromatog-
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raphy, UV-Vis spectrophotometry, IR spectrometry, fluorescence, surface plasmon reso-
nance, and others [23,27–29]. Being complicated and time consuming, these methods
require highly skilled manpower and are difficult to use for routine analyses. Sensitive,
rapid, and simple electrochemical analytical methods—namely (bio)sensors, especially
with the usage of electroactive 3D nanomaterials—are promising alternatives for traditional
methods of catechol assay [23,30–35].

Fabrication of amperometric (bio)sensors for fast, sensitive, and, at the same time,
selective assay of catechol (or any other individual substrate of laccase) is a serious chal-
lenge for electrochemists today. Many reports concerning specific catechol detection and
describing laccase-based biosensors [28,36–38] as well as non-enzymatic sensors have been
published [27,33–35,39–42]. All the reported methods are based on using advanced nano-
materials. It was demonstrated that selectivity of laccase-based methods depended on the
producer of the enzyme [2,9,11,12,20], the mode of enzyme immobilization/fixation [23,28],
the nature of nanomaterials and composition of a reaction mixture [31,36–38], working
potential [39], presence of organic solvents [43], and many other parameters.

We report here on the development of the ABSs for catechol assay, based on purified
fungal laccase which was co-immobilized with synthesized redox-active NPs on graphite
electrodes. We characterize the analytical properties of the obtained ABSs and demonstrate
the applicability of the most sensitive ABS for the assay of catechol phenolic derivatives in
a real sample of wastewater.

2. Materials and Methods
2.1. Reagents and Enzyme

Copper(II) sulphate, hydrogen tetrachloroaurate(III) trihydrate, cerium(III) chloride,
nickel(II) sulfate, chloroplatinic(IV) acid, palladium(III) chloride, o-dianisidine, 2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS), catechol, and other reagents
and solvents used in this work were purchased from Sigma-Aldrich (Steinheim, Germany).
All reagents were of analytical grade and were used without additional purification. All
solutions were prepared using ultrapure water. Laccase from Trametes zonatus was purified
and characterized as described by us earlier [18,19].

2.2. Synthesis of NPs

Chemical synthesis of hexacyanoferrates (HCFs) was performed by mixing equal
volumes of 50 mM K4Fe(CN)6 solution with 50 mM solutions of PdCl3, AgNO3, and AuCl3.

“Green” NPs, namely gCu(II)HCFs and gFe(III)HCFs, were synthesized using enzyme
flavocytochrome b2 [44]; gAu was obtained using extracellular metabolites of yeast [45].

Bi-and trimetallic NPs were synthesized by the chemical reduction of metal ions
from appropriate salts [46,47] or by the chemical bath deposition method [48]. PtRu/NPs,
NiPtPd/NPs, and CuCo/NPs (further—PtRu, NiPtPd, and CuCo, respectively) were
obtained and characterized as described in our recent works ([46–48], respectively).

All the synthesized NPs were collected by centrifugation, washed with water, and
stored as a water suspension at 4 ◦C until use [48].

2.3. Apparatus and Statistical Analysis

The amperometric biosensors (ABSs) were evaluated using constant-potential amper-
ometry as described in detail in our previous work [35]. The amperometric experiments
were carried out in triplicate, using a graphite rod (3.05 mm diameter) as a working elec-
trode, a Pt-wire as a counter electrode, and an Ag/AgCl/KCl (3 M) reference electrode,
which were placed together in a glass electrochemical cell with a working volume of 20 mL.
The analytical parameters of the electrodes were estimated and statistically processed as de-
scribed earlier [44–47]. Morphological analyses of the NPs by scanning electron microscopy
(SEM) were performed as described earlier [44–48].
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2.4. Characterization of the NPs for Their Redox Electroactivity

The electrochemical properties of the synthesized NPs on the graphite electrodes
(GEs) were studied by cyclic voltammetry (CV) using a solution of 10 mM K3FeCN6
with 0.1 M KCl in the range from −800 to +800 mV with a scan rate of 50 mV·min−1 at
room temperature.

For the GE modification, a 0.01 mL aliquot of NPs (0.1 mg/mL) was deposited onto
the GE surface and air-dried at room temperature. The NPs/GE was covered with 5 µL of
0.5% neutralized Nafion solution, dried, washed with a 50 mM sodium acetate buffer of
pH 4.5 (further—NaOAc buffer), and stored at 4 ◦C until used.

2.5. Fabrication and Characterization of the Laccase/NP-Modified Graphite Electrode

To develop the laccase and NP-based electrode, 5 µL solution of laccase with an activity
of 20 U mL−1 was dropped onto the surface of the NPs/GE and air-dried. The resulting
laccase/NPs/GE was covered with Nafion, dried, washed, and stored as described in
Section 2.4. The most effective laccase/NPs/GE was studied in more detail as an ABS for
determination of catechol. In the selectivity tests, two methods of fixation of laccase/NPs
on the surface of GE were compared: one using Nafion film, and the other using dialysis
tubing cellulose membrane (DM, D9777-100FT) from Sigma Aldrich (Austin, TX, USA).

2.6. Application of the Laccase/CuCo-Based ABS for Catechol Assay in the Model and Real Samples

The samples were tested using the graphical calibration method in a variant of the
standard addition test (SAT). This approach is usually applied to avoid the possible interfer-
ence effects of the accompanying components of analyte; it is based on multiple additions
of the standard. The principle of the SAT method and the algorithm for the calculation of
an analyte’s concentration (C) were described in detail in our previous work [46]. C in the
tested sample is calculated from the equation C = A·N/B, where A and B are linear regres-
sion parameters and N is the dilution coefficient. Values of A,B, N, and C are presented in
correspondent calibration graphs.

The sample of wastewater was obtained from the factory “Dezomark”, which pro-
duces the disinfectant substances and detergents (Lviv, Ukraine). Extract of the green tea
“Greenfield” (Greenfield Incorporation LLC, Kyiv, Ukraine) was prepared by incubation of
2.5 g dry leaves in 50 mL water (35 ◦C) for 20 min under shaking [34]. Both assays were
performed in triplicate for two dilutions of the wastewater and for three dilutions of the
tea extract.

3. Results
3.1. Selection of the Optimal Redox Nanomediators

For improvement of electron exchange between the surface of the working electrode
and the enzyme, NPs with high electro-mediator activity may be used. To obtain such
compounds, NPs of noble and transition metals, as well as metal-based composite materials,
were synthesized using chemical and biological methods for metal ion reduction.

To select the best mediators of electron transfer, the synthesized NPs were screened
for their electroactivity using CV. Redox properties of the control GE and the NPs/GE were
tested with a scan rate of 50 mV·min−1, in NaOAc buffer, at 23 ◦C. Such conditions were
experimentally chosen in our previous works [24,44] as being optimal for characterization
of metallic NPS. That is why the subsequent experiments in this study were carried out
under these conditions.

Numerous NP-modified electrodes were screened for their ability to reduce K3Fe(CN)6
to K4Fe(CN)6. The electrochemical properties of the electrodes were studied by CV. The
CV profiles of current signals of different NP/GEs represented outputs from increasing
concentrations of K3Fe(CN)6, shown in Figure 1.
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Figure 1. CV profiles as outputs from increasing concentrations of K3Fe(CN)6 of the control electrode
GE (1—a–d) and the modified electrodes: PdHCF/GE (a, 2); CuCo/GE (b, 2); NiPtPd/GE (c, 2);
PtCeHCF/GE (d, 2), AuCoHCF/GE (d, 3), AuHCF/GE (d, 4), PtHCF/GE (d, 5), AgHCF/GE (d, 6).

According to the results of the CV study, all tested NPs were electroactive, since the
peaks of oxidation and recovery of the NP/GEs were substantially higher than those of
the control (unmodified) GE. It is worthwhile to emphasize that determining the value
of the optimal working potential for achieving the maximal current difference between
the GE and the NPs/GE was essential for subsequent experiments. The lower optimal
potential is necessary to avoid the effect of possible interfering substances on the electrode
as a response to the presence of oxygen. This requirement is relevant for the construction
of ABSs and their exploitation for the analysis of real samples (food products, biological
liquids, and others).

As shown in Figure 1, the studied NPs showed significantly increased efficiency of
electron transfer, making them promising electroactive mediators for biosensors.

3.2. Development of Catechol-Sensitive Laccase-Based Amperometric Nanobiosensors

Laccase is a copper-containing enzyme that does not require hydrogen peroxide as a
co-substrate or additional cofactors for an enzymatic reaction. Nanomaterials, which are
usually exploited for biosensor construction, can carry out several functions as platforms
for enzyme immobilization, mediators, and signal amplifiers. Direct immobilization of the
enzyme on the surface of the electrode can lead to its partial denaturation, whereas on the
surface of the NPs, their bioactivity can be better conserved due to complexation.

The principle of detection with the constructed ABSs is presumably based on the
reduction of oxidized electroactive products, which are formed as a result of laccase-
mediated catalysis. In the case of catechol degradation, the product formed for further
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reduction is semiquinone. The scheme of electron transfer during conversion of catechol
as a substrate of the laccase in the ABS is presented in Figure 2. Coupled with laccase, the
most effective electrochemically active redox mediators were used.

Figure 2. The principal scheme of catechol determination using a laccase-based ABS.

To select an appropriate working potential for a laccase-based ABS, CV was used. The
CV profiles of the constructed ABSs, under the addition of catechol as a substrate of laccase,
were compared with CV profiles without the analyte. As shown in Figure 3, an increase in
oxidation and reduction peaks indicated an increase in the efficiency of electron transfer
between the electroactive product of the laccase reaction and the modified GE surface,
which confirms the redox mediator activity of the NPs.

It is clear from the CV results for laccase/GE (Figure 3a) that the peak of reduction, as
an output upon catechol addition, appeared in the range 200–250 mV. Thus, for subsequent
experiments, the working potential 230 mV was selected as optimal.

Figure 3. Cont.
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Figure 3. Cyclic voltammograms for the constructed ABSs, as current responses upon addition
of catechol in varying concentrations: 0 mM (1, black), 0.25 mM (2, red); 0.50 mM (3, green).
ABSs: laccase/GE (a), laccase/PdHCF/GE (b), laccase/PtHCF/GE (c), laccase/AuHCF/GE (d), lac-
case/AgHCF/GE (e), laccase/PtCeHCF/GE (f), laccase/NiPtPd/GE (g), and laccase/CuCo/GE (h).

3.3. Properties of the Developed Laccase-Based ABS
3.3.1. Analytical Characteristics

We studied the effect of the most electroactive redox mediators on the analytical proper-
ties of the ABSs. The amperometric responses of different electrodes to the added substrate
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(catechol) were compared using CV (Figure 3) and chronoamperometry (Figures A1 and A2).
The calibration was performed by the stepwise addition of a standard analyte solution. Fol-
lowing the chronoamperograms, calibration curves for catechol determination in wide and
linear ranges were plotted (Figures 4, A2 and A3).

Evaluation of the dependence of the operating characteristics of the ABSs was car-
ried out according to the main parameters: a value of the ABS response when saturated
with the substrate (Imax), a value of the apparent Michaelis–Menten constant (KM

app),
the limit of detection (LOD), linearity, and sensitivity to catechol. Values for Imax and
KM

app were calculated automatically and placed in the wide-range calibration curve field
(Figures 4, A2 and A3). The sensitivity was calculated by taking into account the slope
B from the linear regression graph (Figures 4, A2 and A3) and the square of the active
electrode surface (7.3 mm2). Sensitivity data are expressed in standard SI units, A·M−1·m−2.
This parameter characterizes the specific activity of the ABS, and in contrast to Imax, it does
not depend on the square of the electrode surface. The LOD was determined as a ratio of
the triplicated standard deviation value of the blank to the slope “B”.

Figure 4. Cont.
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Figure 4. Calibration curves for catechol determination in wide (left) and linear (right) ranges using
the highly sensitive ABSs: (a) control electrode laccase/GE without NPs; (b) laccase/AgHCF/GE,
(c) laccase/NiPtPd/GE, (d) laccase/PdHCF/GE, (e) laccase/CuCo/GE. Abbreviations: B—slope of
the calibration graph; R—the correlation coefficient of linear regression.

The analytical properties of the developed ABSs, as deduced from the graphs in
Figure 4 (for ABSs with higher sensitivities) and in Figures A2 and A3 (for ABSs with lower
sensitivities), are summarized in Table 1.
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Table 1. The main operational parameters of the constructed ABSs for catechol analysis.

Composition of ABS Sensitivity,
A·M−1·m−2

Linear Range,
up to, mM

LOD,
µA

KM
app,

mM
Imax,
µA

Laccase/GE 89 0.30 1 0.70 0.65
Laccase/CuAuHCF/GE 152 0.80 2 2.54 4.42
Laccase/PtCeHCF/GE 199 0.14 1 0.66 0.99
Laccase/PtHCF/GE 517 0.15 0.1 0.49 2.41
Laccase/AuCo/GE 630 0.06 0.1 1.10 2.05
Laccase/AuHCF/GE 757 0.08 0.2 1.27 6.02
Laccase/AgHCF/GE 881 0.15 0.2 0.80 5.24
Laccase/NiPtPd/GE 990 0.08 0.1 2.69 5.76
Laccase/PdHCF/GE 1137 0.10 0.2 0.33 3.48
Laccase/CuCo/GE 4523 0.09 0.2 0.14 7.36
* Laccase/GE 103 1.60 4 2.57 3.13
* Laccase/gAu/GE 295 0.40 1 1.56 3.96
* Laccase/gFeHCF/GE 339 0.80 1 2.75 8.55
* Laccase/PtRu/GE 551 0.40 1 1.66 9.14
* Laccase/gCuHCF/GE 762 0.20 0.5 2.03 7.31

* Note: This bioelement was fixed on the surface of the GE with the cathodic polymer CP59.

It was demonstrated that all the studied laccase- and NP-based ABSs exhibited signifi-
cantly improved analytical parameters compared to the control ABS without NPs (Table 1).
For example, ABSs based on CuCo, PdHCF, NiPtPd, and AgHCF showed an increase in
sensitivity of 51, 13, 11, and 10-fold, respectively.

Among the NPs which were studied in the current work, the most promising redox
mediator was CuCo, which when coupled with laccase on the GE provided the highest
sensitivity (4523 A M−1·m−2) and the lowest KM

app value (0.14 mM) for the ABS. This ABS
may be useful for the analysis of catechol and other phenolic derivatives in real samples of
drinking water, wastewater, food, and pharmaceuticals.

3.3.2. Morphologic Characterization of NPs

Some of the most effective NPs, containing hexacyanoferates (HCFs) of noble and tran-
sition metals, were characterized using SEM with X-ray spectral microanalysis (SEM-XRM).
Figure A4 presents the SEM images which provided information on the size, distribution,
and shape of the chemically synthesized NPs being studied. The XRM images show the
characteristic peaks for the transition metals used for their synthesis. Morphologic analysis
of other NPs which were used here for the development of ABSs was presented in our
previous works [44–47].

It was demonstrated (data not shown) that the sizes of all studied materials did not
satisfy the nanoscale criterion (less than 100 nm in all three dimensions). In some cases,
they were nanoscale only in one dimension. Most likely, this is due to the aggregation
of the initially formed NPs. To take into account this factor, we identified as NPs those
materials whose nanoscale was confirmed by physical methods for at least one dimension.

3.4. Properties of the Most Effective Laccase/CuCo-Based ABS
3.4.1. Optimization of Catechol Sensing

To improve the effectiveness of catechol sensing, optimization of the ABS construction
was carried out. For this purpose, the optimal quantities of laccase and CuCoNPs placed on
the surface of the GE were determined. The analytical properties for one of the developed
ABSs were deduced from the graphs in Figure A5 (for example). For other ABSs, the
detailed descriptions are omitted here, namely chronoamperograms and calibration graphs
with amperometric characteristics. The results are summarized in Table 2.
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Table 2. Analytical properties of the ABS as the dependence on the composition of the sensing layer.

ABS,
No

Sensing Layer
Sensitivity,
A·M−1 m−2

Linear Range,
up to, mM

KM
app

,
mM

Imax, µMLaccase,
m-Units

CuCo,
µg

1 50 1 220 0.16 2.48 2.94
2 100 1 721 0.18 1.05 5.18
3 200 1 750 0.09 1.49 6.37
4 500 1 1441 0.09 0.66 8.92
5 500 5 3435 0.04 0.59 7.57
6 1000 5 4495 0.04 0.25 7.48
7 200 2 770 0.10 1.67 7.70
8 200 4 820 0.18 1.80 8.17
9 200 10 188 0.76 5.27 8.62
10 100 (Control) 0 107 0.80 1.67 1.76

Based on the data presented in Table 2, the highest sensitivity was achieved with 1 unit
of laccase and 5 µg of CuCo on the GE surface (ABS-6). The resulting sensitivity was 42-fold
higher in comparison with the control GE without NPs (ABS-10). However, the linearity
range of the catechol assay for ABS-6 was rather narrow (up to 40 µM). Additionally,
the sensing layer in ABS-6 was shown to be not stable enough because of large amounts
of enzyme and NPs which were fixed with Nafion on the surface of GE. To achieve a
compromise in analytical parameters, providing a rather high linearity, a high sensitivity,
and a satisfactory stability of ABS, it was necessary to modify the GE with 1 µg CuCo and
100 m-units laccase. The developed sensor, ABS-2, was more stable and cost-effective, due
to the small quantities of enzyme and NPs in the sensing layer. ABS-2 possessed a wide
linear range (up to 18 mM) and rather high sensitivity (721 A·M−1 m−2), which was 7-fold
higher than the control ABS-10.

3.4.2. Selectivity

Selectivity of the ABS towards the target analyte is of great importance, especially for
the analysis of real samples. It is known that fungal laccases have very broad specificity,
being able to oxidase many organic substrates, although with different effectiveness. In
this paper, laccase/CuCo/GE was tested for its ability to respond to a number of organic
substrates of laccase (Figure 5). It is worth mentioning that CuCo/GE did not react with all
tested analytes.

Figure 5. The selectivity tests for laccase/CuCo/GEs, which were covered with Nafion (a, yellow) or
with DM (a, cyan; b): the current responses on the added analytes up to 0.2 mM concentration in the
individual solutions (a) and in the mixture of sequentially added compounds (b).
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Two options of bioelectrodes laccase/CuCo/GEs were tested. The first electrode
(#1) was covered with Nafion (see Section 2.4) and the second electrode (#2) was covered
with DM (see Section 2.5). Figure 5a illustrates the results of the tests, which were per-
formed for electrodes #1 and #2 with the individual natural substrates of laccase; Figure 5b
demonstrates the chronoamperograms for electrode #2 as outputs on the mixture of the
tested analytes.

As shown in Figure 5a, the current responses for electrodes #1 (yellow) and #2 (cyan) on
catechol are similar, while the response on guaiacol has some differences. At the same time,
the outputs of both electrodes on adrenaline, o-dianisidine, and ABTS differ drastically:
electrode #2 does not demonstrate any signals on the last analytes; perhaps they do not
react with laccase. This phenomenon may be explained by the limited diffusion of rather
large-sized analytes (in comparison with catechol and guaiacol) through the small pores
of DM. Another reason for decreased penetration of adrenaline, o-dianisidine, and ABTS
to enzyme in electrode #2 may be related to sorption/adhesion of these compounds on
cellulose DM. Thus, the proposed ABS in option #2 is rather selective to catechol, especially
in the mixture with non-phenolic substrates (see Figure 5b).

3.5. Application of the Laccase/CuCo-Based ABS for Catechol Assay in the Model and Real Samples

To demonstrate the applicability of the developed ABS for determination of catechol,
the model solution and the real sample were tested using the graphical calibration method
in a SAT variant (see Section 2.6).

The sample of the model solution contained wastewater and added catechol up to
1 mM. The results of the analysis of the catechol content in this sample are presented in
Figures A6 and 6a. According to the obtained data (Figure 6a), the average concentration of
catechol in the tested sample was 1.01 mM. Compared with the declared concentration of
catechol added in the wastewater (1 mM), the difference between declared and estimated
results (0.01 mM) was only 1%.

Figure 6. Assay of catechol using the laccase/CuCo-based ABS in the samples of wastewater
supplemented with 1 mM catechol (a) and extract of green tea (b).

The results of green tea extract testing are presented in Figure 6a. The values of catechol
that were determined in the samples with different dilutions correlated satisfactorily. The
differences between the individual results (3.8, 3.4, and 3.4 mM) and the average value of
catechol (3.55 mM) were less than 10%. The estimated average content of catechol in tea
extract corresponds to 390 mg/L or 7.8 mg/g of dry leaves. Such catechol content in tea
extract is similar to the reported data [34].

Thus, we have demonstrated the applicability of the developed ABS for catechol assay
in the samples of wastewater and green tea.
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4. Discussion

In our study, a number of catechol-sensitive ABSs based on laccase and redox nano-
mediators were constructed, and their analytical properties were characterized. It was
demonstrated that all the studied NP-based ABSs had significantly improved analytical
parameters compared to the control ABS without NPs. For example, the most effective ABS,
containing the redox mediator CuCo, showed a 51-fold increase in sensitivity in comparison
with the control ABS. This is significantly higher than the sensitivity reported earlier for
laccase-based ABSs [38,49,50], except for our recent work [19], where we described the
electroactive CuCeNPs coupled with porous gold as a platform for the construction of
oxidase-based ABSs. We have demonstrated here the possibility to improve the selectivity
of ABS to catechol in the mixture with several non-phenolic substrates of laccase. For
this purpose, particularly for fixing laccase/CuCo on the surface of electrode, a cellulose
dialysis membrane was used.

The question is raised regarding the reason for such effectiveness in electroactive
NPs: Is the redox activity of their mediators the sole advantage that causes significantly
enhanced sensitivity in laccase-based ABSs?

It is worth mentioning that the electroactive NPs described in our work are artificial
peroxidases (POs) or PO-like nanozymes. It was demonstrated by us earlier [19,24,44–48],
and in this work (data not shown) that all NPs used here possess pseudo-PO activity that
makes them able to decompose H2O2 both in solution and on amperometric electrodes.

To date, most of the pathway mechanisms in Cu-promoted laccase activity are still
unknown [1–3]. The traditional understanding of the mechanisms of laccase catalytic
activity was that laccase does not require H2O2 as a co-substrate or an additional cofactor
for an enzymatic reaction, nor does laccase produce this compound [51]. However, that
postulate was disproven in past decades, when an alternative mechanism of O2 reduction
mediated with laccase was discovered [1,2,7,8,52–58].

Many microbial producers used for LMCO isolation have been described to date. A
number of recombinant and mutant strains have been proposed [1–5,9,14] to improve the
properties of this enzyme which plays important roles in many fields of science, biotechnol-
ogy, industry, and medicine. Various properties of LMCO were studied, including substrate
specificity, structure, and different mechanisms of catalytic activity [1–3,7,52–58].

The electron transfer (ET) process in laccases, and the mechanism of O2 reduction
as elucidated through spectroscopic, kinetic, crystallographic, and computational data,
have been described in several papers [1–3,52–56]. Laccases classed as LMCOs contain
a minimum of four copper sites, designated as T1, T2, and binuclear T3. Each Cu site
has unique spectroscopic features. According to the proposed mechanisms of electron
transfer, the substrate is oxidized near T1, and ET occurs through the laccase via the Cys-His
pathway to the T2/T3 trinuclear copper cluster. In the T2/T3 cluster water is produced
from O2 due to the 4H+/4e– reduction process. Thus, laccase catalyzes the coupling of the
four single-electron oxidations in a variety of substrates with the four-electron reduction of
O2 to water.

The main approaches to investigating the ET mechanism are spectroscopic charac-
terization of reaction intermediates, kinetic analysis, oxidation of substrates designed to
serve as mechanistic probes, the effect of the addition of radical traps, X-ray devices, and
computational analysis [2,3,7,53–58]. As the result of these high-throughput physical meth-
ods, formation of two sequential intermediates, namely “peroxide (PI)” and the “native
(NI)”, were hypothesized. During the two reduction steps of this process, cleavage of
the O-O bond in a PI effectively leads to the formation of an NI, which is then poised for
rapid proton-coupled reduction to generate H2O and continue the catalytic cycle. Crys-
tallographic study using a high-intensity X-ray synchrotron beam radiation approach has
confirmed this hypothesis [57].

We demonstrated in our study that the presence of electroactive PO-like nanozymes
in the sensing layer of the laccase-based ABS couses an improvement in analytical charac-
teristics of the biosensor. We believe that our finding concerning the positive effect of the
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nano-sized PO mimetics on the significant enhancing sensitivity of the developed ABSs in-
directly confirms the concept of the existence of the PI intermediate under laccase catalysis.
Our results obtained by simple electrochemical methods make a small contribution to the
elucidation of the mechanism of catalytic activity of laccase. A deeper knowledge of the
pathways of Cu-promoted laccase activity—namely details of the changes in ET and/or
proton transfer rates—will provide better understanding of how nature controls the process
of O2 reduction to H2O [1–3,7,56–59]. Additionally, this knowledge will also be of practical
importance for biomedical applications and industrial processes.
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Appendix A

Appendix A presents amperometric characteristics of the developed laccase/NP-based
ABSs as the current responses to catechol addition (Figures A1–A5), data of the structural
and morphological characterizations of the synthesized NPs (Figure A4), and the example
of catechol content assay in real samples using the laccase/CuCo-based ABS (Figure A6).

Figure A1. Cont.
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Figure A1. Chronoamperograms of the current responses to catechol addition from the laccase/NP-
based ABSs. Conditions: Ag/AgCl (reference electrode) in NaOAc buffer. Working potential:
+230 mV.

Figure A2. Cont.
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Figure A2. Chronoamperograms (left) and calibration curves for catechol determination in wide
range (middle) and linear range (right) for the ABSs: laccase/GE (a), laccase/gFeHCF/GE (b), and
laccase /gCuHCF/GE (c). Conditions: Ag/AgCl (reference electrode) in NaOAc buffer. Working
potential: +230 mV.

Figure A3. Cont.
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Figure A3. Calibration curves for catechol determination in wide (left) and linear (right) ranges
using the laccase-based ABSs which contain electroactive NPs: (a) PtHCF, (b) AuHCF, (c) PtCeHCF,
(d) AuCuHCF. Conditions: Ag/AgCl (reference electrode) in NaOAc buffer. Working potential:
+230 mV.
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Figure A4. Structural and morphological characterizations of the synthesized NPs. The SEM
(left column) with XRM (right column) images of NPs.
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Figure A5. Chronoamperogram (left) and calibration curves for catechol determination in wide
range (middle) and linear range (right) for the laccase/CuCo/GE, which contains 500 m-units of
laccase and 1 µg of NPs. Conditions: working potential +230 mV vs. Ag/AgCl, NaOAc buffer, 23 ◦C.

Figure A6. Determination of catechol content in the tested samples using the laccase/CuCo-based
ABS. Chronoamperograms of the current responses upon catechol addition to the samples with
dilutions: 33-fold (a) and 45-fold (b). The tested sample was wastewater supplemented with 1 mM
catechol. Conditions: working potential +230 mV vs. Ag/AgCl, NaOAc buffer, 23 ◦C.
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