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Abstract: Metallic nanoparticles potentially have wide practical applications in various fields of sci-
ence and industry. In biosensorics, they usually act as catalysts or nanozymes (NZs) and as mediators
of electron transfer. We describe here the development of amperometric biosensors (ABSs) based on
purified oxidases, synthesized nanoparticles of CuCe (nCuCe), and micro/nanoporous gold (pAu),
which were electro-deposited on a graphite electrode (GE). As an effective peroxidase (PO)-like NZ,
nCuCe was used here as a hydrogen-peroxide-sensing platform in ABSs that were based on glucose
oxidase, alcohol oxidase, methylamine oxidase, and L-arginine oxidase. At the same time, nCuCe
is an electroactive mediator and has been used in laccase-based ABSs. As a result, the ABSs we
constructed and characterized were based on glucose, methanol, methyl amine, L-arginine, and cate-
chol, respectively. The developed nCuCe-based ABSs exhibited improved analytical characteristics
in comparison with the corresponding PO-based ABSs. Additionally, the presence of pAu, with its
extremely advanced chemo-sensing surface layer, was shown to significantly increase the sensitivities
of all constructed ABSs. As an example, the bioelectrodes containing laccase/GE, laccase/nCuCe/GE,
and laccase/nCuCe/pAu/GE exhibited sensitivities to catechol at 2300, 5055, and 9280 AM 1m—2
respectively. We demonstrate here that pAu is an effective carrier of electroactive nanomaterials
coupled with oxidases, which may be promising in biosensors.

Keywords: electroactive nanoparticles; peroxidase-like nanozyme; oxidases; micro/nanoporous gold;

amperometric biosensors

1. Introduction

Metallic nanoparticles have wide potential practical applications in various fields of
science and industry. In biosensorics, they usually act as carriers, mediators in electron
transfer, and/or catalysts (artificial enzymes or nanozymes) [1-5].

Nanozymes (NZs) are the newest class of functional nanomaterials [3-7]; they have
enzyme-like activities with different reaction specificities. NZs possess increased stability
and greater availability due to their simpler preparation technologies. Most reported NZs
are mainly mimetics of oxidoreductases, including peroxidase (PO) [7-11].

PO catalyzes the oxidation of diverse organic compounds using H,O; as the electron
acceptor [8]. Many natural enzymes (oxidases) produce H,O; as a byproduct of their enzy-
matic reactions, so the detection of a target substrate can be performed by measuring H,O,
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generation. Over the last few years, a number of reports have described the application
of various mimetics of PO for HyO, detection using different sensors [8-15]. The main
peculiarities of PO-like NZs as catalysts are that they have high stability, sensitivity, and
selectivity to HyO; in extra-wide linear ranges. PO-like NZs coupled with natural oxidases
are widely used in electrochemical biosensors [7-9,16].

Oxidase-based amperometric biosensors (ABSs) are the simplest and most com-
monly employed type of biosensors. An enzyme-based ABS offers a means for quan-
titative analytical information; it can function via the measurement of signals in the form
of current, which changes according to varying concentrations of the target analyte at
a fixed potential. The main analytical characteristics of ABSs are the sensitivity, speci-
ficity, selectivity, detection limit, signal-to-noise ratio, linear dynamic ranges, and response
time [1,2,17,18]. To effectively convert the biological response resulting from the interaction
between analytes and enzymes into an electric current signal, the enzyme must be in direct
spatial contact with the transducer. The selection of the appropriate methods to immobilize
the enzyme on the electrode surface plays a significant role in the design of ABSs [1,2].

A number of approaches have been proposed for improving the analytical characteris-
tics of ABSs, especially sensitivity. One of them is to increase the effective working surface
of an electrode in order to obtain the maximal electroactive sites for the immobilization of
biocatalysts, including enzymes and NZs [6,12,13,19-23]. In particular, 2D and 3D materials
with extra-large areas are the promising candidates for this aim [1,17-21]. A lot of synthetic
methods for obtaining 3D materials have been described [10,24-30].

Micro/nanoporous gold (pAu) is one of the best-studied 3D materials, and it has
attracted increasing interest over the last twenty years [23,31-34]. pAu has a high surface-
area-to-volume ratio, excellent conductivity, chemical inertness, physical and chemical
stability, biocompatibility, electrochemical activity, easy tunability, and controllable pores
as well as reduced stiffness and plasmonic properties. pAu possesses a higher roughness
factor (the ratio between the real surface area and the geometrical area of the electrode) due
to its porous structure. As a result, a pAu-modified electrode significantly increases the
number of adsorption sites for enzymes and other biomolecules, thus improving electron
transport in comparison with corresponding electrodes with nonporous surfaces. Thus, due
to its intriguing properties, pAu is a very promising material for application in (bio)sensing,
energy storage, diagnostic medicine, and drug delivery [14,19,21-24,35-42].

A variety of approaches to synthesize pAu have been reported in addition to methods
of sputtering and self-assembling [17,27,41]. The pore size in pAu can be modulated from
5 up to 50 nm, depending on the type of synthesis protocol used [24,30].

Chemical and electrochemical dealloying were shown to lay a historical foundation
for other methods [25,27,31,32]. This approach is appropriate for the fabrication of both
monoporous (i.e., nanoporous or microporous) and hierarchically porous (i.e., possessing
both microporosity and nanoporosity) metal structures with novel properties [23,24,43].
Hierarchical pores are highly desirable; the presence of larger-size pores enables the fast
transport of the reactants, while the nanopores are responsible for providing a large surface
area, thereby increasing the rate of electrochemical reactions.

High-surface-area pAu (such as films, membranes, or powders) could also be designed by
the electrodeposition technique. This method of pAu preparation on a solid substrate has been
extensively researched, and it has become the most popular method in recent years [17,23,24].
The advantages of electrodeposition strategies include: one-step fabrication of thin films
directly on a substrate; relatively easy control of particle morphology, size, and density;
uniform deposition and good stability; and the formation of hierarchically porous metal
structures with novel properties.

The currently known electrodeposition techniques able to form thin pAu films are:
conventional electro-co-deposition in ionic liquids; lithographically patterned electrodepo-
sition; electrochemical overpotential deposition; bicontinuous microemulsion; the pulse
potentiostatic method; dynamic hydrogen bubble templates; and deep eutectic solvent-
based deposition.
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In our earlier works, different types of PO-like NZs were synthesized and charac-
terized [9,16]. The most electroactive nanoparticles of CuCe (nCuCe), having excellent
sensitivity and a wide linear range for H,O, detection, were used as effective artificial PO
for the construction of L-arginine-sensitive ABS, which was based on L-arginine oxidase
(ArgO) [16].

The aim of the current work was to demonstrate the crucial impact of pAu as
an effective carrier of nanomaterials and enzymes on the analytical parameters of
an ABS, especially on its sensitivity. The tasks of our study were to fabricate and character-
ize ABSs using various oxidases as biorecognition elements, the nCuCe as an electroactive
functional nanomaterial, and the electrodeposited pAu with a highly advanced surface
area as an effective carrier of oxidases and nCuCe.

2. Materials and Methods
2.1. Reagents

Cerium(III) chloride, copper(ll) sulfate, L-arginine (Arg), methylamine, ethanol,
methanol, o-dianisidine (0-DZ), hydrogen peroxide (30%), hydrogen tetrachloroauru-
mate(Ill)  H[AuCly], D-glucose, sodium  sulfide, ammonia chloride,
2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS), Nafion (5% solution in
90% low-chain aliphatic alcohols), horseradish peroxidase (PO, EC 1.11.1.7) from Armoracia
rusticana (500 U-g~1), and all other reagents and solvents used in this work were pur-
chased from Sigma-Aldrich (Steinheim, Germany); glucose oxidase (GO, EC 1.1.3.4) from
Aspergillus niger (168 U-mg~!) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
All reagents were of analytical grade and were used without further purification. All
solutions were prepared using ultra-pure water obtained with the Milli-Q® IQ 7000 water
purification system (Merck KGaA, Darmstadt, Germany).

2.2. Enzymes, Isolation, and Purification

Purified enzymes—alcohol oxidase (AO, EC1.1.3.13), L-arginine oxidase (ArgO,
EC 1.4.3.25), methylamine oxidase (AMO, EC 1.4.3.21), and laccase (EC 1.10.3.2)—were
isolated by the authors from the corresponding sources and were used for the fabrication
of amperometric biosensors (ABSs). Yeast AO was isolated from a cell-free extract of
the selected overproducing strain Ogataea polymorpha C-105 (gcr1 catX) using a two-step
ammonium sulfate fractionation (at 30% and 70% saturation), followed by ion exchange
chromatography on a Toyopearl DEAE-650M [44]. Purified AO with the specific activity
of ~20 U-mg~! of protein was kept as a suspension in 70% sulfate ammonium (SA) and
50 mM phosphate buffer (PB) at pH 7.5 at 4 °C.

Mushroom ArgO was isolated from an extract of the fruiting body of the wild
forest mushroom Amanita phalloides and partially purified up to ~7.9 U-g~! of protein
using a two-step SA fractionation (at 30% and 70% saturation), followed by chromato-
graphic purification on a Toyopearl DEAE-650M [16]. Partially purified ArgO was kept as
a suspension in 70% SA in 50 mM PB at pH 7.5.

The activities of AO, ArgO, or GO were determined by the rate of hydrogen per-
oxide formation in reactions with correspondent substrates (methanol [44], Arg [16], or
glucose [10]) in the presence of PO and 0-DZ in optimal conditions, which were chosen
experimentally. After the incubation of reactants for a fixed time, the reactions were stopped
by adding HCl. One unit of activity was defined as the amount of the enzyme required to
oxidize 1 pmole of a substrate (55 = 13.35 mM~1.cm™1) per minute at 30 °C. The optical
densities of these colored products were determined at 525 nm using a Shimadzu UV1650
PC spectrophotometer (Kyoto, Japan).

Yeast AMO was isolated from the recombinant yeast strain Saccharomyces cerevisiae
C13ABYS86 [45]. The (His)s-tagged AMO was purified from the cell-free extract by metal-
affinity chromatography on Ni-NTA-agarose. The activity of AMO was determined by the
rate of hydrogen peroxide formation in reaction with MA, as monitored by the peroxidative
oxidation of ABTS in the presence of PO [45]. One unit of activity was defined as the amount
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of the enzyme required to oxidize 1 pmole of ABTS as a substrate (429 = 36 mM1.cm™1)
per minute at 30 °C.

Fungal laccase was purified from a cultural liquid of the fungus Trametes zonatus by
a two-step SA fractionation (up to 70% of saturation), followed by chromatography on
a Toyopearl DEAE-650M [46]. Fractions with the laccase activity were pooled, concen-
trated by a Millipore filter (10 kDa) up to a specific activity of enzyme >10 U-mg!,
followed by precipitation with 80% SA. The activity of laccase was determined by the rate
of the increase in absorbance monitored spectrophotometrically at 420 nm. As a substrate,
0.5 mM ABTS in a 50 mM pH 4.5 sodium acetate (NaOAc) buffer solution was used.
One unit of laccase activity was defined as the amount of the enzyme required to oxidize
1 umole of ABTS per minute at 24 °C.

2.3. Synthesis of CuCe Nanoparticles and Estimation of Their Pseudo-Peroxidase Activity

Nanoparticles of CuCe (nCuCe) were synthesized and collected by centrifugation, as
described previously [9]. The precipitates were rinsed twice with water and were stored as
a water—colloid solution at +4 °C until use.

Pseudo-peroxidase (PO-like) activity of the nCuCe was measured using the colorimet-
ric method with 0-DZ as a chromogenic substrate in the presence of HyO, [9]. One unit (U)
of PO-like activity was defined as the amount of nCuCe consuming 1 pmol of H,O, per
1 min at 30 °C under standard assay conditions. Here, we used a colloid solution of nCuCe
with a PO-like activity of 1 U/mL.

2.4. Apparatus

A piece of Pt wire and an Ag/AgCI/3M KCI electrode were used as the counter and
reference electrodes, and 3.05 mm graphite rods (type RW001, Ringsdorff Werke, Bonn,
Germany) were used as working electrodes. The graphite electrode (GE) was prepared as
described in detail previously [10]. Amperometric measurements were carried out with
a CHI 1200A potentiostat (IJ] Cambria Scientific, Burry Port, UK) in batch mode under
continuous stirring in a standard 40 mL cell at a room temperature.

A REMMA-102-02 SEM microanalyzer (Lviv, Ukraine) was used for the morphological
analyses of the synthesized porous gold.

2.5. Electrodeposition of Porous Gold onto Graphite Electrode

A layer of micro/nanoporous gold (pAu) was synthesized on the surface of a GE in
two stages. In the first stage, pAu was electrodeposited from a solution containing 10 mM
HAuCly in 2.5 M ammonia chloride using cyclic voltammetry in the range of 0 to +800 mV
with a scan rate of 50 mV-min~! for 25 cycles. In the second stage, the obtained modified
electrode (pAu/GE) was re-immersed in a solution of 10 mM HAuCl, in 2.5 M ammonia
chloride using the potentiostatic mode at —1000 mV for 120 s. The obtained pAu/GE was
rinsed with water and equilibrated before usage in the appropriate buffer.

2.6. Immobilization of nCuCe and Peroxidase on Electrodes

The synthesized nCuCe was immobilized on the surfaces of a GE and a pAu/GE,
using the physical adsorption method. For this purpose, aliquots of nCuCe solution (10 uL)
were dropped onto the surfaces of the GE and pAu/GE.

For the development of the PO/GE, an aliquot of PO solution (10 pL) with an activity
of 1 U/mL was dropped onto the surface of a GE.

The modified electrodes were rinsed with 50 mM pH 7.5 PB and kept in this buffer
with 0.1 mM EDTA at 4 °C until use.

2.7. Immobilization of Oxidases onto the Modified Electrodes

To fabricate the oxidase-based amperometric biosensors (ABSs), GO, AMO, AO, ArgO,
or laccase were immobilized onto the modified GE.



Biosensors 2022, 12, 472 50f 18

First, 5-10 uL of enzyme solution was dropped onto the dried surfaces of the PO/GE,
nCuCe/GE, or nCuCe/pAu/GE. The dried composites were covered with a Nafion mem-
brane. To prepare a 1% Nafion solution, the stock 5% solution was diluted with the
appropriate buffer: with 50 mM pH 4.5 NaOAc for the construction of laccase-based ABS
and with 50 mM pH 7.5 PB in other cases.

It is worth mentioning that in the case of AO-based ABS, the biosensing film on the
electrode was fixed with a dialysis membrane but not with Nafion.

The coated bioelectrodes were rinsed with water and stored in the corresponding
buffers until use.

2.8. Measurements and Calculations

Amperometric measurements were carried out using a CHI 1200A potentiostat (I]
Cambria Scientific, Burry Port, UK) connected to a personal computer, which was used in
a batch mode under continuous stirring in an electrochemical cell with a 20 mL volume
at 25 °C.

All experiments were carried out in triplicate trials. The analytical characteristics of
the proposed electrodes were statistically processed using OriginPro 8.5 software. Error
bars represent the standard error derived from three independent measurements. The cal-
culation of the apparent Michaelis—-Menten constants (Ky;"FF) was performed automatically
by this program according to the Lineweaver-Burk equation.

3. Results
3.1. Development of Oxidase-Based Biosensors Using nCuCe and Porous Gold

Micro/nanoporous gold (pAu) was reported to have a large area and a high surface-
area-to-volume ratio; thus, it may be used to enhance the sensitivity of ABSs as carriers of
enzymes [19,23,41]. We modified the surface of a graphite electrode (GE) with pAu. The
electrodeposition of pAu onto the GE was carried out as described in Section 2.5. Figure 1a
demonstrates the profiles of cyclic voltammograms (CVs) during the pAu film’s formation.
We describe here the development of ABSs using oxidases coupled with nCuCe, which were
immobilized on the surface of a pAu-modified GE. The principal scheme of bioelectrode
construction is presented in Figure 1b.

Cument, pA

Oxidase

T T T T T T T T
00 01 02 03 04 05 06 0.7 08
Potential, V

(a) (b)

Figure 1. (a) CV profiles during 25 cycles of film electrodeposition with a scan rate 50 mV s~! vs
Ag/AgClL; (b) Scheme of the working electrode preparation.

A characteristic feature of all oxidases is the ability to catalyze oxidation reactions;
namely, the transfer of electrons from electron donor to electron acceptor. As a result of these
reactions, hydrogen peroxide (H,O;) is formed. For the effective functioning of oxidase-
based ABSs, it is necessary to decompose H,O, using natural or artificial peroxidase (PO).

nCuCe plays a dual role in ABSs, being an effective artificial PO (PO-like NZ) [9,16]
and, at the same time, an electroactive mediator of electron transfer.
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To demonstrate PO-like activity of the nCuCe/GE, cyclic voltammetry (CV) was used.
These experiments were reported in detail in our previous papers [9,16]. The CV profiles of
nCuCe/GE as current responses upon the addition of H,O, are demonstrated in Figure Ala.
According to the CV profiles, nCuCe/GE is sensitive to HyO,. Chronoamperometric
experiments were also carried out (Figure Alb), and the calibration was performed by
a stepwise addition of H,O,. Following the chronoamperograms, calibration graphs
for H,O, determination in wide and linear ranges were plotted (Figure Alc,d). These
results proved that nCuCe is an artificial PO and nCuCe/GE may be an amperometric
chemosensor of HyO,. The main analytical characteristics of the nCuCe/GE, namely, Ky,"P
and Iy, are presented in Figure Alc. Other operational parameters, namely, the linear
range (up to 1.5 mM) and limit of detection (0.5 uM), were determined from the calibration
graph (Figure A1d). The sensitivity to H,O; (2164 A-M~!-m~2) was calculated as a ratio
of B (the parameter of linear regression of the calibration graph) to the surface area of
a working electrode.

The electroactivity of the nCuCe/GE was demonstrated using CV experiments in the
presence of K3Fe(CN)g (Figure A2). According to the results of the CV study, the tested
nCuCe is electroactive since the peaks of oxidation and recovery of K3Fe(CN)g on the
nCuCe/GE were higher than those for the control unmodified GE.

Figure 2 demonstrates the results of the morphological characterization of pAu
(Figure 2a), nCuCe (Figure 2¢), and nCuCe/pAu (Figure 2e) using the SEM technique,
which provides information on the size, distribution, and shape of the tested materials.

SR R
[E R ETE ]

(b)

Figure 2. Cont.
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Figure 2. Characteristics of the pAu/GE (a,b), nCuCe/GE (c,d), and nCuCe/pAu/GE (e f). SEM
images with different magnitudes (a,c,e); X-ray spectral microanalysis (b,d,f).

The XRM images (Figure 2b,d,e) showed the presence of all components of the tested
materials [9]. Au formation was proven by X-ray microanalysis, which showed the
characteristic emission peaks at 2.1, 9.7, and 11.6 keV, corresponding to the AuKy, AuKy,
and AuKp transitions, respectively (Figure 2b). The characteristic peaks for Cu’ at 1.4 and
8.05 keV, which correspond to the CuK, and CuKp transitions, respectively, are shown in
Figure 2d,f [47]. The peaks for Ce at 0.9 keV and 4.8 keV (Figure 2d,f) correspond to the
CeKy and CeKp transitions [48].

3.2. Characterization of the Constructed Biosensors

Using GO, AO, AMO, or ArgQO as biorecognition elements, nCuCe as a PO-like NZ or
as an electroactive mediator, and pAu as a carrier of enzymes/NZs, ABSs were constructed
and characterized for glucose, primary alcohols, MA, Arg, and catechol, respectively
(Figures 3-8).

It is worth mentioning that before modification with enzymes (see Section 2.7), the
control electrodes were tested for their sensing of the target analytes (glucose, primary alco-
hols, methyl amine, Arg, and catechol). The results of the selectivity study for nCuCe/GE
are shown in Figure A3. The selectivity of nCuCe/GE towards the tested analytes was
estimated in relative units (%) as a ratio to the value of the highest response on addition of
H;0;. We demonstrated the absence of any amperometric signals for the nCuCe/GE and
other control electrodes (pAu/GE, nCuCe/pAu/GE, and PO/GE, data not shown) with
each tested analyte addition under the chosen conditions. Therefore, n"CuCe/GE may be
an effective HyO;-sensitive platform for the construction of oxidase-based ABSs.
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Figure 3. Profiles of CVs for the nCuCe/GEs, modified with GO (a), AMO (b), AO (c), ArgO (d),
and laccase (e). Conditions: Ag/AgCl (reference electrode); 50 mM phosphate buffers (PB), pH 6.0
(a), pH7.5 (b—d), and NaOAc buffer, pH 4.5 (e); scan rate —50 mV-s~1. Substrates were added up to
concentrations: 0—4 mM glucose, lines 1-5, respectively (a); 0-1 mM MA, lines 14, respectively (b);

0-2 mM methanol, lines 1-7, respectively (c); 0-13 mM L-Arg, lines 14, respectively (d); 0-1 mM
catechol, lines 1-3, respectively (e).
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Figure 4. Amperometric characteristics of the GO/PO/GE (ab), GO/nCuCe/GE (c,d), and
GO/nCuCe/pAu/GE (e, f): (a,ce) chronoamperograms (inserted) and dependence of amperometric
signal on concentration of glucose; (b,d,f) calibration graphs for glucose determination. Conditions:
working potential —50 mV vs. Ag/AgCl/3 M KCl in 50 mM PB, pH 6.0. The sensing layers contained
0.01 U of PO/PO-like activity and 0.01 U of GO.
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Figure 5. Amperometric characteristics of the AMO/PO/GE (a,b), the AMO/nCuCe/GE (c,d),
and the AMO/nCuCe/npAu/GE (e f): (a,c,e) chronoamperograms (inserted) and dependence of
amperometric signal on concentration of MA; (b,d,f) calibration graphs for MA determination.
Conditions: working potential —250 mV vs. Ag/AgCl/3 M KCl in 50 mM PB, pH 7.5.
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Figure 6. Amperometric characteristics of the AO/PO/GE (a,b), the AO/nCuCe/GE (c,d), and the
AO/nCuCe/pAu/GE (ef): (a,c,e) dependence of amperometric signal on concentration of methanol;

(b,d,f) calibration graphs for methanol determination. Conditions: working potential —50 mV vs.
Ag/AgCl/3 M KClin 50 mM PB, pH 7.5.
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Figure 7. Amperometric characteristics of the ArgO/PO/GE (a,b), the ArgO/nCuCe/GE (c¢,d), and
the ArgO/nCuCe/pAu/GE (ef): (a,ce) dependence of amperometric signal on concentration of
L-Arg; (b,d,f) calibration graphs for L-Arg determination. Conditions: working potential —150 mV
vs. Ag/AgCl/3 M KClin 50 mM PB, pH 7.5.
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Figure 8. Amperometric characteristics of the laccase/GE (a,b), the laccase/nCuCe/GE (c,d), and
the laccase/nCuCe/pAu/GE (ef): (a,c,e) dependence of amperometric signal on concentration
of catechol; (b,d,f) calibration graphs for catechol determination. Conditions: working potential
—200 mV vs. Ag/AgCl/3 M KCl in 50 mM NaOAc, pH 4.5.

3.2.1. Optimal Working Potential

The efficiency of electron transfer from oxidase to the surface of the electrode (GE)
and the selection of the optimal potentials for each enzyme were evaluated by a cyclic
voltammetric technique. The CV profile is the dependence of the current response on
changing potentials under increasing concentrations of the appropriate substrate. Figure 3
demonstrates the CVs of the GEs that were modified with oxidase and nCuCe.

3.2.2. Analytical Properties

Chronoamperometric studies were carried out under the chosen optimal potentials
for each oxidase-based electrode. Three types of modified electrodes were studied, namely,
enzyme in combination with a natural PO (designated as oxidase/PO/GE), with CuCe as
an artificial PO (oxidase/nCuCe/GE), and with CuCe on the surface of a pAu-modified
electrode (oxidase/nCuCe/pAu/GE). Taking into account the chronoamperograms at
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optimal working potentials, calibration curves for the modified and control electrodes were
plotted for analyte determination by the developed ABSs (Figures 4-8).

Figure 4 demonstrates the amperometric characteristics for the GO-based ABS for glu-
cose determination. The optimal potential for the developed GO/nCuCe/GE is
—50 mV (see Figure 3a); thus, the calibration of working electrodes was carried out under
this potential using a solution of 50 mM glucose.

The same experiments were carried out for all other developed ABSs, which contained
AMO, AO, ArgO (Figures 5-7), and laccase (Figure 8).

Table 1 summarizes the main bioanalytical characteristics of the developed ABSs,
which were based on the usage of pAu, various oxidases, and nCuCe as well as the optimal
conditions for their exploitation. It is worth mentioning that nCuCe plays a dual role in the
described ABSs: for laccase it is a mediator of electron transfer, and for the other oxidases it
is an artificial PO.

Table 1. Analytical characteristics of the constructed bioelectrodes.

Bioelectrode Sensitivity (S) Li
M S Potential, R::gf LOD, Kpv?,
I, ensor mV AT .2 ’ uM mM
Enzyme KDa for HyO, N A-M~1m Kg uM

PO 1 22 S,/S1=15 130-900 39 0.70
AO 640 nCuCe 2 -50 32 S3/S, =32 50-2100 15 0.70
nCuCe/pAu 3 102 S3/51 =4.6 33-500 10 1.22

PO 1 7 S,/S1=5 200-1700 61/130 2.1

AMO 160 nCuCe 2 -250 35 S3/S,=3.6 60-1700 18 22
nCuCe/pAu 3 125 S3/51 =179 60-450 18 0.55
PO 1 22 S,/S1 =51 75-1400 35 1.56
ArgO 500 nCuCe 2 -150 113 S3/5,=1.8 50-2250 15 1.52
nCeCu/pAu 3 200 S3/51=9.1 100-500 33 0.83
PO 1 44 S,/81 =17 500-5000 150 5.23

GO 150-190 nCuCe 2 -50 73 S3/S, =55 500-7300 150 18
nCeCu/pAu 3 400 S3/51=9.1 250-2000 76 5.81
bulk 1 2300 S,/S1 =22 8-160 2 0.46
Laccase 100 *nCuCe 2 +200 5055 S3/S5,=1.8 3-40 2 0.17
nCuCe/pAu 3 9280 S3/S1=4.0 2-40 1 0.09

*nCuCe is a mediator of electron transfer here.

4. Discussion

In the present work, the development of ABSs based on different oxidases and nCuCe,
which were co-immobilized on pAu, was described. nCuCe has a dual role as an active
mimetic of PO and a mediator of electron transfer. It was used as an electro-active mediator
for a laccase-based ABS and as a PO-like NZ in ABSs that were based on other oxidases,
namely, GO, AO, AMO, and ArgO. The ABSs for determination of catechol, glucose,
primary alcohols, methyl amine, and L-arginine were constructed and characterized. The
developed mono-enzyme ABSs exhibited improved analytical characteristics in comparison
with the correspondent bi-enzyme ABSs that contained natural PO.

As shown in Table 1, nCuCe had a significant positive effect on sensor sensitivity in
comparison to electrodes that were not modified with a nanomaterial. For example, for
AMO/nCuCe/GE and ArgO/nCuCe/GE, the sensitivities were 5-fold higher (S;) than for
the corresponding GEs with natural PO (S;). The ABS that contained laccase/nCuCe/GE
was 2.2-fold more sensitive than the ABS with the laccase/GE composition.

It was demonstrated that the impact of electrodeposited pAu in the chemo-sensing
layer of a graphite electrode is also significant. The presence of pAu was shown to
provide an additional contribution to improve the analytical parameters of the ABS, es-
pecially in terms of their sensitivities (see Table 1). For example, the sensitivity of the
GO/nCuCe/pAu/GE is 9.1-fold higher than that of the GO/PO/GE and 5.5-fold higher
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in comparison to the GO/nCuCe/GE. The same tendency, but at various levels, was
demonstrated for each investigated enzyme. Thus, the ratio of sensitivities (S3/S;) for
the AO-based ABS had a value of 3.2; for the AMO-based ABS, this value was 3.6. The
positive influence of pAu on the sensitivity of an ABS has a simple explanation: the highly
advanced surface of the pAu, having hierarchical pores with different diameters, presents
an enhanced working 3D surface area on the electrode. The increased surface of the modi-
fied GE leads to the enhanced adsorption of nanomaterials/enzymes and thus to improved
efficiency of electron transfer in the ABS in comparison with unmodified GEs.

Thus, ABSs with 3D porous micro/nanomaterials are novel versions of these devices
that demonstrate a number of advantages, including enhanced sensitivity and stability, in
comparison with traditional ABSs. The 3D architecture of the ABSs led to the improved
analytical characteristics of the electrodes because of the increased amounts of immobilized
enzyme and the enhanced speed of electron transfer. For successful progress in the develop-
ment of ABSs to the level of industrial fabrication of commercially viable products, further
integration of sensing technology with biochemical approaches needs to be achieved.
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Appendix A

Appendix A presents amperometric characteristics of nCuCe/GE, namely, data of its
PO-like properties (Figure A1), electroactivity (Figure A2), and selectivity (Figure A3).
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Figure A1l. Amperometric characteristics of nCuCe/GE as a chemosensor of HyO;. (a) CV profiles
as current responses upon addition of analyte up to concentrations (mM): 0 (1, black); 2.5 (2, red);
5.0 (3, blue); 10 (4, green). (b,c) chronoamperometric response and dependence of amperometric signal
on concentration of HyO,, respectively; (d) calibration graph for HyO, determination. Conditions:
Ag/AgCl (reference electrode) in 50 mM PB, pH 7.0; scan rate 50 mV-s~! (a); working potential —
50 mV (b-d).
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Figure A2. Cyclic voltammetry (CV) study of the bulk GE (black) and the modified nCuCe/GE (red)
in solution containing 10 mM K3Fe(CN)g, 100 mM KCl, and 50 mM NaOAc, pH 4.5.
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Figure A3. The selectivity test for the CuCe/GE: comparison of current responses on the
added analytes up to 2 mM concentration: H,O, (1), L-Arg (2), glucose (3), methylamine (4),
methanol (5), ethanol (6), and catechol (7). Conditions: working potential —50 mV vs. Ag/AgCl
(reference electrode), 50 mM acetate buffer, pH 4.5 at 23 °C.



Biosensors 2022, 12, 472 17 of 18

References

1.  Naresh, V;; Lee, N. A review on biosensors and recent development of nanostructured materials-enabled biosensors. Sensors 2021,
21,1109. [CrossRef] [PubMed]

2. Nayl, A.A,; Abd-Elhamid, A.I; El-Moghazy, A.Y.; Hussin, M.; Abu-Saied, M.A.; El-Shanshory, A.A.; Solman, HM.A. The
nanomaterials and recent progress in biosensing systems: A review. Trends Environ. Anal. Chem. 2020, 26, e00087. [CrossRef]

3. Ashrafi, AM,; Bytesnikova, Z.; Barek, J.; Richtera, L.; Adam, V. A critical comparison of natural enzymes and nanozymes in
biosensing and bioassays. Biosens. Bioelectron. 2021, 192, 113494. [CrossRef]

4. Wu, J.; Wang, X.; Wang, Q.; Lou, Z.; Li, S.; Zhu, Y.; Qin, L.; Wei, H. Nanomaterials with enzyme-like characteristics (nanozymes):
Next-generation artificial enzymes (II). Chem. Soc. Rev. 2019, 48, 1004-1076. [CrossRef]

5. Huang, Y.; Ren, J.; Qu, X. Nanozymes: Classification, catalytic mechanisms, activity regulation, and applications. Chem. Rev. 2019,
119, 4357-4412. [CrossRef] [PubMed]

6. Liu, Q.; Zhang, A.; Wang, R.; Zhang, Q.; Cui, D. A Review on metal- and metal oxide-based nanozymes: Properties, mechanisms,
and applications. Nano-Micro Lett. 2021, 13, 154. [CrossRef]

7. Stasyuk, N.; Smutok, O.; Demkiv, O.; Prokopiv, T.; Gayda, G.; Nisnevitch, M.; Gonchar, M. Synthesis, catalytic properties and
application in biosensorics of nanozymes and electronanocatalysts: A Review. Sensors 2020, 20, 4509. [CrossRef]

8. Neumann, B.; Wollenberger, U. Electrochemical biosensors employing natural and artificial heme peroxidases on semiconductors.
Sensors 2020, 20, 369. [CrossRef]

9.  Demkiv, O,; Stasyuk, N.; Serkiz, R.; Gayda, G.; Nisnevitch, M.; Gonchar, M. Peroxidase-like metal-based nanozymes: Synthesis,
catalytic properties, and analytical application. Appl. Sci. 2021, 11, 777. [CrossRef]

10. Gayda, G.Z.; Demkiv, O.M.; Gurianov, Y.; Serkiz, R.Y.; Klepach, H.M.; Gonchar, M.V.; Nisnevitch, M. “Green” Prussian Blue
analogues as peroxidase mimetics for amperometric sensing and biosensing. Biosensors 2021, 11, 193. [CrossRef]

11.  Demkiv, O.; Stasyuk, N.; Gayda, G.; Gonchar, M. Highly sensitive amperometric sensor based on laccase-mimicking metal-based
hybrid nanozymes for adrenaline analysis in pharmaceuticals. Catalysts 2021, 11, 1510. [CrossRef]

12.  Keihan, A.H.; Karimi, R.R,; Sajjadi, S. Wide dynamic range and ultrasensitive detection of hydrogen peroxide based on beneficial
role of gold nanoparticles on the electrochemical properties of Prussian blue. J. Electroanal. Chem. 2020, 862, 114001. [CrossRef]

13. Tripathi, A.; Harris, K.D.; Elias, A.L. High surface area nitrogen-functionalized Ni nanozymes for efficient peroxidase-like catalytic
activity. PLoS ONE 2021, 16, e0257777. [CrossRef]

14. Fu, Z,; Zeng, W,; Cai, S.; Li, H.; Ding, J.; Wang, C.; Chen, Y.; Han, N.; Yang, R. Porous Au@Pt nanoparticles with superior
peroxidase-like activity for colorimetric detection of spike protein of SARS-CoV-2. J. Colloid Interface Sci. 2021, 604, 113-121.
[CrossRef] [PubMed]

15. Komkova, M.A.; Pasquarelli, A.; Andreev, E.A.; Galushin, A.A.; Karyakin, A.A. Prussian Blue modified boron-doped diamond
interfaces for advanced H,O, electrochemical sensors. Electrochim. Acta 2020, 339, 135924. [CrossRef]

16. Stasyuk, N.; Gayda, G.; Demkiv, O.; Darmohray, L.; Gonchar, M.; Nisnevitch, M. Amperometric biosensors for L-arginine
determination based on L-arginine oxidase and peroxidase-like nanozymes. Appl. Sci. 2021, 11, 7024. [CrossRef]

17.  Bhattarai, ].K.; Neupane, D.; Nepal, B.; Mikhaylov, V.; Demchenko, A.V,; Stine, K.J. Preparation, modification, characterization,
and biosensing application of nanoporous gold using electrochemical techniques. Nanomaterials 2018, 8, 171. [CrossRef] [PubMed]

18. Chen, H.; Simoska, O.; Lim, K.; Grattieri, M.; Yuan, M.; Dong, E; Lee, Y.S.; Beaver, K.; Weliwatte, S.; Gaffney, EM.; et al.
Fundamentals, applications, and future directions of bioelectrocatalysis. Chem. Rev. 2020, 120, 12903-12993. [CrossRef]

19. Stine, K.J.; Jefferson, K.; Shulga, O.V. Nanoporous gold for enzyme immobilization. Methods Mol. Biol. 2017, 1504, 37-60.
[CrossRef]

20. Zhao, A,; Zhang, Z.; Zhang, P; Xiao, S.; Wang, L.; Dong, Y.; Yuan, H.; Li, P; Sun, Y,; Jiang, X.; et al. 3D nanoporous gold scaffold
supported on graphene paper: Freestanding and flexible electrode with high loading of ultrafine PtCo alloy nanoparticles for
electrochemical glucose sensing. Anal. Chim. Acta 2016, 938, 63-71. [CrossRef]

21. Rebelo, R.; Barbosa, A.L.; Caballero, D.; Kwon, I.K.; Oliveira, ].M.; Kundu, S.C.; Reis, R.L.; Correlo, V.M. 3D biosensors in advanced
medical diagnostics of high mortality diseases. Biosens. Bioelectron. 2019, 130, 20-39. [CrossRef]

22. Singh, B.K,; Lee, S.; Na, K. An overview on metal-related catalysts: Metal oxides, nanoporous metals and supported metal
nanoparticles on metal organic frameworks and zeolites. Rare Met. 2020, 39, 751-766. [CrossRef]

23. Bollella, P. Porous Gold: A New Frontier for enzyme-based Electrodes. Nanomaterials 2020, 10, 722. [CrossRef] [PubMed]

24. Sondhi, P; Stine, K.J. Electrodeposition of Nanoporous Gold Thin Films. In Nanofibers—Synthesis, Properties and Applications;
Kumar, B., Ed.; IntechOpen: London, UK, 2020; 20p. [CrossRef]

25. Xu, H; Liu, S.; Pu, X;; Shen, K.; Zhang, L.; Wang, X.; Qin, J.; Wang, W. Dealloyed porous gold anchored by in situ generated
graphene sheets as high activity catalyst for methanol electro-oxidation reaction. RSC Adv. 2020, 10, 1666-1678. [CrossRef]
[PubMed]

26. Phan-Quang, G.C; Yang, Z.; Koh, C.S.L.; Sim, H.Y.F;; Leong, S.X.; Ling, X.Y. Plasmonic-induced overgrowth of amorphous
molybdenum sulfide on nanoporous gold: An ambient synthesis method of hybrid nanoparticles with enhanced electrocatalytic
activity. J. Chem. Phys. 2019, 151, 244709. [CrossRef]

27. Zhang, A.; Wang, ].; Schiitzendtibe, P.; Liang, H.; Huang, Y.; Wang, Z. Beyond dealloying: Development of nanoporous gold via

metal-induced crystallization and its electrochemical properties. Nanotechnology 2019, 30, 375601. [CrossRef]


http://doi.org/10.3390/s21041109
http://www.ncbi.nlm.nih.gov/pubmed/33562639
http://doi.org/10.1016/j.teac.2020.e00087
http://doi.org/10.1016/j.bios.2021.113494
http://doi.org/10.1039/C8CS00457A
http://doi.org/10.1021/acs.chemrev.8b00672
http://www.ncbi.nlm.nih.gov/pubmed/30801188
http://doi.org/10.1007/s40820-021-00674-8
http://doi.org/10.3390/s20164509
http://doi.org/10.3390/s20133692
http://doi.org/10.3390/app11020777
http://doi.org/10.3390/bios11060193
http://doi.org/10.3390/catal11121510
http://doi.org/10.1016/j.jelechem.2020.114001
http://doi.org/10.1371/journal.pone.0257777
http://doi.org/10.1016/j.jcis.2021.06.170
http://www.ncbi.nlm.nih.gov/pubmed/34265672
http://doi.org/10.1016/j.electacta.2020.135924
http://doi.org/10.3390/app11157024
http://doi.org/10.3390/nano8030171
http://www.ncbi.nlm.nih.gov/pubmed/29547580
http://doi.org/10.1021/acs.chemrev.0c00472
http://doi.org/10.1007/978-1-4939-6499-4_5
http://doi.org/10.1016/j.aca.2016.08.013
http://doi.org/10.1016/j.bios.2018.12.057
http://doi.org/10.1007/s12598-019-01205-6
http://doi.org/10.3390/nano10040722
http://www.ncbi.nlm.nih.gov/pubmed/32290306
http://doi.org/10.5772/intechopen.94604
http://doi.org/10.1039/C9RA09821F
http://www.ncbi.nlm.nih.gov/pubmed/35494686
http://doi.org/10.1063/1.5130649
http://doi.org/10.1088/1361-6528/ab2616

Biosensors 2022, 12, 472 18 of 18

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.
42.

43.
44.

45.

46.

47.
48.

Demirci, C.; Marras, S.; Prato, M.; Pasquale, L.; Manna, L.; Colombo, M. Design of catalytically active porous gold structures from
a bottom-up method: The role of metal traces in CO oxidation and oxidative coupling of methanol. J. Catal. 2019, 375, 279-286.
[CrossRef]

Hernandez-Saravia, L.P.; Sukeri, A.; Bertotti, M. Fabrication of nanoporous gold-islands via hydrogen bubble template:
An efficient electrocatalyst for oxygen reduction and hydrogen evolution reactions. Int. ]. Hydrogen Energy 2019, 44,
15001-15008. [CrossRef]

Sondhi, P; Stine, K.J. Methods to generate structurally hierarchical architectures in nanoporous coinage metals. Coatings 2021,
11, 1440. [CrossRef]

Xiao, X.; Si, P; Magner, E. An overview of dealloyed nanoporous gold in bioelectrochemistry. Bioelectrochemistry 2016,
109, 117-126. [CrossRef]

Biener, J.; Biener, M.M.; Madix, R.J.; Friend, C.M. Nanoporous gold: Understanding the origin of the reactivity of a 21st Century
catalyst made by pre-columbian technology. ACS Catal. 2015, 5, 6263-6270. [CrossRef]

Saffarini, M.H.; Voyiadjis, G.Z.; Ruestes, C.J.; Yaghoobi, M. Ligament size dependency of strain hardening and ductility in
nanoporous gold. Comput. Mater. Sci. 2021, 186, 109920. [CrossRef]

Mie, Y.; Takayama, H.; Hirano, Y. Facile control of surface crystallographic orientation of anodized nanoporous gold catalyst and
its application for highly efficient hydrogen evolution reaction. J. Catal. 2020, 389, 476-482. [CrossRef]

Masud, M.K;; Na, J.; Lin, T.-E.; Malgras, V.; Preet, A.; Ibn Sina, A.A.; Wood, K.; Billah, M.; Kim, ].; You, J.; et al. Nanostructured
mesoporous gold biosensor for microRNA detection at attomolar level. Biosens. Bioelectron. 2020, 168, 112429. [CrossRef]
[PubMed]

Wong, T.S.B.; Newman, R.C. A novel application of nanoporous gold to humidity sensing: A framework for a general volatile
compound sensor. Nanoscale Adv. 2020, 2, 777-784. [CrossRef]

Han, M.; Chen, F; Li, M; Yu, R,; Xu, Y,; Jiang, Y.; Liu, C.; Hu, J. Light welding Au nanoparticles assembled at water-air interface
for monolayered nanoporous gold films with tunable electrocatalytic activity. Electrochim. Acta 2020, 334, 135626. [CrossRef]
Kannan, P.; Maduraiveeran, G. Bimetallic nanomaterials-based electrochemical biosensor platforms for clinical applications.
Micromachines 2021, 13, 76. [CrossRef] [PubMed]

Sarkhosh-Inanlou, R.; Shafiei-Irannejad, V.; Azizi, S.; Jouyban, A.; Ezzati-Nazhad Dolatabadi, J.; Mobed, A.; Adel, B,;
Soleymani, J.; Hamblin, M.R. Applications of scaffold-based advanced materials in biomedical sensing. Trends Analyt. Chem. 2021,
143, 116342. [CrossRef]

Mathew, M.; Radhakrishnan, S.; Vaidyanathan, A.; Chakraborty, B.; Rout, C.S. Flexible and wearable electrochemical biosensors
based on two-dimensional materials: Recent developments. Anal. Bioanal. Chem. 2021, 413, 727-762. [CrossRef] [PubMed]

Kim, S.H. Nanoporous gold: Preparation and applications to catalysis and sensors. Curr. Appl. Phys. 2018, 18, 810-818. [CrossRef]
Presutti, D.; Agarwal, T.; Zarepour, A.; Celikkin, N.; Hooshmand, S.; Nayak, C.; Ghomi, M.; Zarrabi, A.; Costantini, M.;
Behera, B.; et al. Transition metal dichalcogenides (TMDC)-based nanozymes for biosensing and therapeutic applications.
Materials 2022, 15, 337. [CrossRef] [PubMed]

Barra, P; Delogu, F. Porosity effects on nanoporous Au Young’s modulus. Mater. Lett. 2021, 304, 130703. [CrossRef]

Klepach, HM.; Zakalskiy, A.E.; Zakalska, O.M.; Gayda, G.Z.; Smutok, O.V.; Gonchar, M.V. Alcohol oxidase from the methy-
lotrophic yeast Ogataea polymorpha: Isolation, purification, and bioanalytical application. Methods Mol. Biol. 2021, 2280, 231-248.
[CrossRef] [PubMed]

Stasyuk, N.E.; Smutok, O.V.; Zakalskiy, A.E.; Zakalska, O.M.; Gonchar, M.V. Methylamine-sensitive amperometric biosensor
based on (His)s-tagged Hansenula polymorpha methylamine oxidase immobilized on the gold nanoparticles. Biomed Res. Int. 2014,
2014, 480498. [CrossRef]

Demkiv, O.M.; Gayda, G.Z.; Broda, D.; Gonchar, M.V. Extracellular laccase from Monilinia fructicola: Isolation, primary characteri-
zation and application. Cell Biol. Intern. 2021, 45, 536-548. [CrossRef]

Lutz, G. Semiconductor Radiation Detectors; Springer: Berlin/Heidelberg, Germany, 2007; ISBN 978-3-540-71679-2.

Tobin, J.G.; Yu, S.-W.; Sokaras, D. The X-ray Emission Spectroscopy of Cerium Oxide. J. Electron Spectrosc. Relat. Phenom. 2020, 1, 26.


http://doi.org/10.1016/j.jcat.2019.06.016
http://doi.org/10.1016/j.ijhydene.2019.04.186
http://doi.org/10.3390/coatings11121440
http://doi.org/10.1016/j.bioelechem.2015.12.008
http://doi.org/10.1021/acscatal.5b01586
http://doi.org/10.1016/j.commatsci.2020.109920
http://doi.org/10.1016/j.jcat.2020.06.023
http://doi.org/10.1016/j.bios.2020.112429
http://www.ncbi.nlm.nih.gov/pubmed/32942183
http://doi.org/10.1039/D0NA00010H
http://doi.org/10.1016/j.electacta.2020.135626
http://doi.org/10.3390/mi13010076
http://www.ncbi.nlm.nih.gov/pubmed/35056240
http://doi.org/10.1016/j.trac.2021.116342
http://doi.org/10.1007/s00216-020-03002-y
http://www.ncbi.nlm.nih.gov/pubmed/33094369
http://doi.org/10.1016/j.cap.2018.03.021
http://doi.org/10.3390/ma15010337
http://www.ncbi.nlm.nih.gov/pubmed/35009484
http://doi.org/10.1016/j.matlet.2021.130703
http://doi.org/10.1007/978-1-0716-1286-6_15
http://www.ncbi.nlm.nih.gov/pubmed/33751439
http://doi.org/10.1155/2014/480498
http://doi.org/10.1002/cbin.11316

	Introduction 
	Materials and Methods 
	Reagents 
	Enzymes, Isolation, and Purification 
	Synthesis of CuCe Nanoparticles and Estimation of Their Pseudo-Peroxidase Activity 
	Apparatus 
	Electrodeposition of Porous Gold onto Graphite Electrode 
	Immobilization of nCuCe and Peroxidase on Electrodes 
	Immobilization of Oxidases onto the Modified Electrodes 
	Measurements and Calculations 

	Results 
	Development of Oxidase-Based Biosensors Using nCuCe and Porous Gold 
	Characterization of the Constructed Biosensors 
	Optimal Working Potential 
	Analytical Properties 


	Discussion 
	Appendix A
	References

