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Abstract

Amino acid L-arginine (Arg), usually presented in food products and biological liquids, can serve both as a useful indicator of
food quality and an important biomarker in medicine. The biosensors based on Arg-selective enzymes are the most promising
devices for Arg assay. In this research, three types of amperometric biosensors have been fabricated. They exploit arginine
oxidase (Arg0O), recombinant arginase I (ARG)/urease, and arginine deiminase (ADI) coupled with the ammonium-chelating
redox-active nanoparticles. Cadmium-copper nanoparticles (nCdCu) as the most effective nanochelators were used for the
development of ammonium chemosensors and enzyme-coupled Arg biosensors. The fabricated enzyme/nCdCu-containing
bioelectrodes show wide linear ranges (up to 200 uM), satisfactory storage stabilities (14 days), and high sensitivities
(A-M‘l-m‘z) to Arg: 1650, 1700, and 4500 for ADI-, ArgO- and ARG/urease-based sensors, respectively. All biosensors
have been exploited to estimate Arg content in commercial juices. The obtained data correlate well with the values obtained
by the reference method. A hypothetic scheme for mechanism of action of ammonium nanochelators in electron transfer
reaction on the arginine-sensing electrodes has been proposed.
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Introduction

Since L-arginine (Arg) is a common component of food
and biological fluids, it can be used as an indicator of food
quality [1-4] and an important biomarker in clinical diag-
nosis [5—11]. Thus, to monitor Arg in the food industry and
in medicine, simple, rapid, and selective approaches are
needed.
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Numerous optical and electrochemical analytical meth-
ods for Arg determination have been developed to date [2,
12—15]. Simple and quick optical methods are based on the
well-known Sakaguchi reaction, which involves the forma-
tion of color product between Arg and 8-hydroxyquinoline
[12, 16]. However, these methods possess certain disadvan-
tages, such as low specificity and insufficient selectivity.
State-of-the-art methods for determining Arg, which rely on
the use of advanced equipment, show promise for use in clin-
ical and industrial laboratories [2, 13, 14, 17-19]. However,
these methods suffer from limited selectivity, are laborous
and require highly trained personnel. These disadvantages
can be overcome by enzymatic approaches [20-22].

The enzymes metabolizing Arg exhibit high selectivity
towards their natural substrate, so they are ideal candidates
for biorecognition elements in optical and electrochemical
biosensors of Arg [23-26]. Arginase I (ARG, EC 3.5.3.1,
L-arginine amidino hydrolase) is an enzyme expressed in
the human liver and critical to the urea cycle. It promotes the
hydrolysis of Arg to L-ornithine and urea (Eq. 1). Arginine
deiminase (ADI, EC3.5.3.6, L-arginine amino hydrolase)
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catalyzes the deamination of arginine to yield ammonia as
the by-product (Eq. 2). ArgO (EC 1.4.3.25, L-arginine oxy-
gen oxidoreductase) catalyzes the oxidation of Arg to form
ammonia and hydrogen peroxide (Eq. 3) as the by-products.
For enzymatic detection of Arg, it was suggested to combine
the cascade reactions based on the application of ARG, ure-
ase, and glutamate dehydrogenase and measured oxidized
NADH at 340 nm [20].

As an alternative to enzymatic approaches, chemo-
sensors based on the use of electrocatalytic nanomaterials
have been proposed. However, although they are sensitive
to Arg, the non-enzymatic sensors exhibit low selectivity
[19,27-31].

Thus, all known approaches for Arg determination require
considerable time, skillful lab personnel, advanced equip-
ment, the need for cascades of enzymes, and expensive rea-
gents [2, 13, 18, 32]. Furthermore, since they do not provide
the possibility of real-time analysis, the development of elec-
trochemical biosensors (BSs) for Arg monitoring remains of
primary interest.
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Some of them are based on the application of Arg-selective
hydrolases, in particular, arginase/urease or ADI co-immo-
bilized with conductive polymers in the bioselective layer
[21, 26, 32-35]. Other ABSs are based on a combination of
ArgO with natural or artificial peroxidase [40—42]. However,
their effectiveness as sensors in real applications is limited
by several drawbacks, including insufficient operational sta-
bility [25, 39].

ADI and ArgO are the best candidates for the construc-
tion of mono-enzyme ABSs sensitive and selective towards
Arg. Additionally, the combination of natural enzymes with
appropriate nanomaterials seems to be the most optimal
approach to develop advanced sensor devices with improved
characteristics, namely, high stability, sensitivity, and selec-
tivity to the target analyte [13-15, 25, 26, 34]. To date, there
are many reports on ArgO-containing ABSs which rely on
the principle of detection of hydrogen peroxide as a by-prod-
uct of Arg degradation. However, there are no reports on
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To estimate the level of Arg, the electrochemical BSs
which detect the ammonium ions produced during the enzy-
matic digestion of Arg have been suggested and described
in detail in the reviews [23-25] and our previous reports
[33-35]. Numerous designs of potentiometric and conduc-
tometric BSs based on ammonium-selective electrodes have
also been reported [23-25, 32, 36].

Despite the popularity of potentiometric BSs, they have a
number of disadvantages, namely, the dependence of mem-
brane potential on presence of other ions, temperature, ionic
strength of the solution, prolonged response time, and short-
term operational stability due to the quick destruction of the
polymeric membrane [25]. Amperometric BSs (ABSs) are
more promising for ammonia monitoring due to their higher
sensitivity and selectivity as well as easy integration into
continuous analytic systems [23-26]. Several ABSs for Arg
assay have been developed and described [23-26, 37-39].
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ArgO-based ABSs which detect ammonium, so far.
Nowadays, limited data are available on the mono-
enzymatic ABSs which are based on ammonia/ammonium-
sensitive nanocomposites—‘nanochelators”—able to form
redox-active coordination compounds with ammonia [43].
The crystal structure of more than twenty coordination
compounds formed by Cu* ions with ammonia has been
elucidated [44]. Some of these complexes are electroactive
and could be detected by amperometry. Recently, metal
oxides in the form of NPs or nanocomposites such as WO,
[45], Cu/Zn(Hg)S [34], In,0; [46], Au/PANI [47], and Ni/
graphene/PANi [48] have been reported. They are useful
for the amperometric detection of ammonia. Only a few
papers focus on the ABSs on Arg, which are based on metal
oxides and sulfur-containing NPs as ammonia chemosen-
sors [34, 49]. The construction of bioelectrodes based on
the enzymes conjugated with metallic ammonia-sensitive
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NPs in a bioselective layer remains a significant challenge.
In view of this, the Arg-selective enzymes ARG, ADI, and
ArgO appear to be promising tools for the development of
ABSs on Arg.

The aim of the current research is to design Arg selec-
tive ABSs using metal hybrid NPs as redox-active ammonia
nanochelators. The research focuses on the synthesis and
characterization of nanocomposites and their application to
biosensors’ development. We also report the application of
the constructed enzyme-based ABSs to the analysis of Arg.
The proposed bioelectrodes are based on the combination
of metal hybrid NPs and Arg-selective enzymes (ARG, ADI
and ArgO). The hypothetic scheme for mechanism of action
of ammonium nanochelators in electron transfer reaction on
the arginine-sensing electrodes has been proposed.

Materials and methods
Chemicals

Urease (EC 3.5.1.5, type IX from Jack Beans, 26,100 U
g™!), L-arginine (Arg), Cetyl trimethyl ammonium bro-
mide (CTAB, 99%), Copper(1l) sulphate (CuSO,, 99.5%),
Cadmium(II) chloride (CdCl,, 99.5%), sodium borohydride
(NaBH,, 99%), glutaraldehyde (25%), and cysteamine.
Amino acids were obtained from Sigma-Aldrich (Germany).

Synthesis and characterization of metallic
nanocomposites

The copper NPs (nCu) were obtained by chemical reduc-
tion using sodium borohydride as a reducing agent. The
Cd(core)/Cu (shell) NPs (nCdCu) were synthesized by the
chemical bath deposition method. Firstly, 0.5 mL 0.05 M
CdCl, was injected into the 15 mL 10 mM CTAB solution
and stirred for 5 min. Then, 1 mL 0.05 M Na,S was added
to the mixture, vigorously stirred, and heated at 100 °C for
10 min. The synthesized yellow NPs of CdS (nCdS) were
used as seeds for the following stage. A 5 mL nCdS solu-
tion was injected into the growth mixture containing 10 mL
0.05 M CuSO, with the following addition of 3 mL 0.05 M
Na,S and heating at 100 °C for 10 min. The synthesized
nCdCu are of a dark brown color. All obtained NPs were
isolated from the reaction mixture by centrifugation (8000 g,
30 min) and washed with 5 mM phosphate buffer, pH 7.0
and water. The final nCdCu and nCu precipitates were dried
(at 100 °C for 24 h).

The NPs ZnCu, CuCeAu, and CuCe were synthesized
by the chemical deposition method as described ear-
lier [50]. The size analysis of NPs was evaluated by the
use of FEI Nova NanoSEM 450 and SEM-microanalyzer
REMMA-102-02.

The surface chemical composition measurements were
performed by the X-ray photoelectron spectroscopy (XPS)
using a Microlab 350 (Thermo Electron, East Grinstead,
UK) spectrometer. Survey spectra were collected using the
X-ray excitation source (AlKa anode: power 300 W, voltage
15 kV, beam current 20 mA) with pass energy at 100 eV and
energy step at 1 eV. The high-resolution XPS spectra were
recorded separately, using smaller energy step (0.1 eV) and
lower pass energy 40 eV. All the collected XPS data were
fitted using an asymmetric Gaussian/Lorentzian mixed func-
tion. The measured binding energies were corrected in refer-
ence to the energy of C 1 s at 284.8 eV. CasaXPS software
was used to process the data [51].

Enzymes preparations

Human liver ARG I was isolated from the recombinant yeast
Ogataea polymorpha pGAP1-HsSARG (leu2carl Sc:LEU?2)
and purified by affinity chromatography (up to specific activ-
ity 150 U-mg~"! of protein) as it was described earlier [22]
and kept in 50 mM Tris—HCl buffer, pH 8.8 (TB) at+4 "C
till usage.

Bacterial Mycoplasma hominis ADI was isolated from the
recombinant cells of Escherichia coli BL21(DE3)/pET3d-
ADI, purified by two-step column chromatography (up to
180 U'mg_l) [22] and kept in 50 mM phosphate buffer, pH
7.0 (PB) at+4 °C until usage.

ArgO from mushroom Amanita phalloides was purified
by ion exchange chromatography on Toyopearl DEAE-
650 M (up to 0.56 U-mg~") [41] and stored in 70% ammo-
nium sulphate/PB at+4 °C.

Development of the nanostructured bioelectrodes

All electrochemical measurements were conducted using
a Metrohm Autolab PGSTAT30 with Ag/AgCl/3 M KCI
and platinum (Pt) wire as reference and counter electrodes,
respectively. A glassy carbon rod (GCE, Mineral, Poland)
with a diameter of 3.05 mm (surface area 7.06 mm?) was
used as a working electrode. Before biosensor preparation,
the electrode was polished in 20% isopropanol water solu-
tion in the ultrasonic cleaning bath.

To obtain the electrode modified with NPs, a 2 yL sus-
pension of NPs (1 mg-mL~") was dropped onto the GCE and
air-dried. Then, an aliquot of mixture containing cysteamine
(1 mM) and glutaraldehyde (1%) was placed onto the surface
of GCE/NPs and air-dried. Finally, the activated NPs/GCE
was rinsed with PB and used for enzyme immobilization by
the cross-linking method.

Electrophoretically homogeneous Arg-selective enzymes
were applied to the construction of ABSs. To fabricate the
ADI or ArgO-based bioelectrodes, 2 pl of the correspondent
enzyme solution was dropped on the surface of the activated
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NPs/GCE. To construct the ARG-based bioelectrode, 2 pl
aliquots of urease and ARG were consecutively dropped on
the activated NPs/GCE and air-dried at r.t. All constructed
bioelectrodes were stored at+4 °C in the vapors of the cor-
respondent buffers (PB or TB) until usage.

The obtained NPs were screened for their redox activity
in increased ammonium concentrations using cyclic voltam-
metry (CV) vs. Ag/AgCl/3 M KCI as the reference electrode.
The highest signal at — 150 mV was chosen as 100%.

Arg assay in fruit juices

The fabricated amperometric biosensors were checked on
the model of three commercial juices “Tymbark” (LtD Tym-
bark, Poland): apple, raspberry, and orange ones. Arg con-
centrations in all samples were measured using a standard
addition test (SAT). The reference Arg assay was performed
using the enzymatic analytical kit “Argitest” [22].

Statistical analysis

All experiments were carried out three times (n=3) and
measurements were performed in two parallels. The statis-
tical parameters and all figures were calculated and built
using Origin 8.5 Pro.

Sensitivity (A-M~!-m~2) was calculated as follows: Sen-
sitivity =B/S, where B is the slope for the dependence of
current on analyte concentration in linear range (A-M™!) and
S is the surface area of the working electrode (m?).

The limit of detection (LOD) was calculated by using the
standard deviation (SD) of the blank current signals and the
B value according to the formula: LOD = (3 % SD/B).

Results and discussion

Selection of the most chemically active
ammonium-sensitive nanocomposites and their
characterization

The purpose of the current research was to develop novel
ABSs for Arg analysis which are based on Arg-selective
enzymes coupled with new ammonium-sensitive NPs as
redox-active nanochelators and to demonstrate the applica-
bility of the resulting ABSs for Arg determination in food
samples.

To date, there is limited data on mono-enzymatic ABS
based on Arg-selective enzymes that control ammonium as a
product of the enzymatic cleavage of Arg. All of the reported
ABSs are based on potentiometric detectors or a combina-
tion of the cascade of enzymes. Recently, numerous attempts
have been made to search the prospective materials, for
ammonium assay have been made. Among them, some metal
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oxides and sulfides are promising [45, 46, 49]. In the current
paper, a number of NPs were synthesized using chemical
reduction and bath deposition methods (see Section “Syn-
thesis and characterization of metallic nanocomposites”).
The obtained NPs were screened on their redox activity in
the presence of ammonium using cyclic voltammetry (CV).
Since nCdCu and nCu were shown to display the highest
activity (see Supplementary Information, Fig. S1), these NPs
were utilized for further studies.

Amperometric characteristics of the most electroactive
nCdCu and nCu are provided in Figure S2. CV profiles
for both types of electrodes showed a strong peak caused
by the reduction of the formed ammonium-NPs complex
occurring at potentials between 0 mV and — 350 mV. For
the amperometry analysis, the potentials of — 150 mV and
—300 mV were chosen as the optimal ones for nCdCu- and
nCu-modified electrodes, respectively (Fig. S2). The maxi-
mum current responses of the nCdCu/GCE and nCu/GCE
to injected ammonium chloride (as a source of NH,* ions)
were 22,411 + 60 nA and 12,800 +40 nA with the values of
Ky™P 1.6 £0.1 mM and 2.15+0.15 mM, respectively. Thus,
the synthesized nCdCu and nCu are effective redox-active
nanochelators for the ammonium and prospective platforms
to develop ABSs on Arg.

To investigate the morphology of the synthesized NPs
(nCdCu and nCu) as the best sensing materials for ammo-
nium ions, SEM in combination with EDS analysis was
performed (Fig. 1). Since nCdCu and nCu have the shape
of spheres, the Gaussian distribution demonstrates the aver-
age sizes of nCdCu and nCu to be 39.5 nm and 57 nm,
respectively. Figure 1g—h displays the XRM spectrum of
the nCdCu and nCu which mainly presents the peaks of Cd,
Cu on the Si surface.

X-ray photoelectron spectroscopy was used for chemical
characterization of the obtained nanoparticles. The analysis
of the survey spectra revealed presence of the same elements
previously observed using EDS technique. Figure 1 shows
Cu 2p high-resolution spectra for nCu and nCdCu samples.
For the tested NPs, it can be seen that the position of the Cu
2psj, peak corresponds to an energy of ~933.0 eV, which
suggests the presence of the metallic copper Cu® or mixture
of metallic state and non-stoichiometric oxidized form of
Cu™ [52]. Moreover, Cd 3d core level spectra were recorded
for nCdCu sample. Peak maximum of the deconvoluted peak
of Cd 3d5/2 can be attributed to metallic state of Cd°, with
binding energy at~405.3 eV [52].

Electrochemical properties of NPs/GCE modified
with Arg-selective enzymes

To form an enzymatic layer, the enzymes (ArgO, ADI or
ARG in combination with urease) were covalently conju-
gated to the surface of NPs/GCE (see Section “Arg assay in
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Fig. 1 Morphological properties of NPs: SEM images (a—f); X-ray spectral microanalysis (g, h), the Gaussian distribution by sizes (i, g), and
XPS spectra of Cu 2p and Cd 3d (k-m) for nCdCu (a—c, g, i, k-1) and nCu (d-f, h, j, m), respectively

fruit juices”). The assay of Arg by the designed bioelectrode
is based on monitoring of ammonium ions (NH,*) generated
in an enzymatic layer and finally sensed by the NPs/GCE
electrode (see Fig. 2). The first stage of biorecognition is
the ARG/urease, ADI, or ArgO catalyzed Arg conversion
to correspondent by-product (see Eqs. 1-3) and ammonium

ions. The resulting NH,* ions diffuse further to the NPs
(nCu or nCdCu) layer and trigger the formation of the elec-
troactive complex with the structure [Cu(NH3)4]2+. Itis well
known from the literature that Cu(I) and Cu(Il) can exist
as their ammine complexes in aqueous solutions contain-
ing dissolved ammonia [53]. In aqueous media, the cathodic
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Fig. 1 (continued)
reduction of copper(Il) ammines proceeds stepwise to Cu(0)  electrochemical transformation of the produced complexes
through Cu(I) ammines. The electroactivity of the produced NH,* with NPs (Cd(core)/Cu(shell) or nCu) on the GCE

complex could be explained by the ability of the bonded  surface can possibly occur with the following stages (Eq. 4
Cu?* ions to participate in the electron transfer reaction. The ~ — 9):
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Fig.2 The hypothetical mecha-
nism for Arg detection by the
developed ABSs

-

[(Cd)Cu(NH;),]?

1) Nanoparticle surface oxidation by ammonium cations
and complexation:

CdCu + 4 NH} — [CdCu(NH,),]*" + H, + 2 HY  (4)

Cu+4 NH} - [Cu(NH3),1*" + H, + 2 H* 5)

2) Electroreduction and dissociation of the complex.
The reduction of the produced complex results in the
cathodic current signal, whose value is correlated with
the level of Arg in the sample:

[CdCu(NH;),1** + ¢~ — [CdCu(NH;),]* +2 NH; (6)

[CdCu(NH;),]* + e~ — CdCu + 2 NH, 7)
[Cu(NH;),]** + e~ — [Cu(NH;),]" + 2 NH, ®)
[Cu(NH;),]* +e~ — Cu + 2 NH; ©)

In general, any of the processes (4)—(5) might be rate-
determining steps, and these can be distinguished by the
nature of the dependence of the reaction rate upon electrode
potential. By applying a negative potential to the electrode
modified with nCdCu or nCu, reactions (6—7) and (8-9)
are fast enough that reactions (4) and (5) limit the rate of
the overall process. Then, the overall electrode process rate
depends on the concentration of the ammonium ions.

The hypothetical mechanism for Arg detection by cre-
ated bioelectrodes is based on the ability of metallic NPs
to be oxidized by NH,* with the formation of surface
complex compounds with ammonia, resulting in chang-
ing their redox potential. The scheme of possible elec-
tron relocation between a bioselective layer and the GCE
surface is shown in Fig. 2. The electrocatalytic activity
of the nCu or nCdCu layered on GCE was tested by the
use of cyclic voltammetry under the consequent injec-
tions of increased amounts of ammonia (Fig. S1). The CV
for nCdCu (Fig. S1a) demonstrated that a cathodic peak,
contributed by ammonium ions, appeared at a potential
of — 150 mV. An anodic peak (is due to oxidation of gen-
erated H,) was detected at ca. +200 mV. The results of

/4NH3
y (cd)cu®

ANH* Products:

Ornithine + CO,
(ARG/urease)
Citrulline (ADI)
H,0, + 5-guanidino-
2-oxopentanoate
(Arg0)

Hy+2H*

Arginine

amperometry analysis and calibration graphs for nCdCu/
GCE and nCu/GCE at — 150 mV and — 300 mV are pre-
sented in Fig. S2a—b, respectively.

nCdCu as a chemosensor on ammonium ions

The three types of nCdCu-modified GCEs were studied,
namely, ARG in combination with urease (designated as
ARG/urease/nCdCu/GCE), ADI with nCdCu (ADI/nCdCu/
GCE), and ArgO with nCdCu (ArgOx/nCdCu/GCE). The
electrocatalytic activity of three bioelectrodes was evalu-
ated by using CV under the addition of Arg (Fig. 3a—c).
Each obtained CV profile demonstrated two peaks under
injected Arg which correspond to cathodic and anodic peaks
with maximums at — 147 mV and+221 mV (for the ARG/
urease/nCdCu/GCE and ArgOx/nCdCu/GCE) to+440 mV
(for ADI/nCdCu/GCE), respectively. Amperometric inves-
tigations were conducted at the selected optimal working
potentials for each type of bioelectrode; in particular, for
ArgOx/nCdCu/GCE, ARG/urease/nCdCu/GCE, and ADI/
nCdCu/GCE, the optimal potentials were chosen as fol-
lows: — 150 mV, — 150 mV and — 200 mV, respectively.
The results of amperometric studies as well as calibration
graphs at optimal working potentials (the highest difference
between analyte and background current) are shown in Fig. 3
and Table S1. It should be noted that nCdCu/GCE was also
tested as a control electrode and no amperometric signals
were observed under injected Arg (Fig. 3a—c, curve 4).

As shown in Table S1, ammonia-selective nCdCu had a
significant positive effect on biosensor sensitivity in com-
parison to electrodes modified with other NPs (Table 1).
For example, the biosensor with architecture ARG/urease/
nCdCu/GCE was 41-fold more sensitive than the ampero-
metric biosensor based on ARG, urease, and ammonia-sen-
sitive polyaniline film (ARG-urease/PANI/PtE) [35]. The
increase in sensitivity of ARG/urease/nCdCu-based bio-
sensor can be explained by higher redox-activity of nCdCu
(by 5 times) in comparison with PANi. The sensitivity of
ArgO and ADI-based bioelectrodes was also higher than
that previously reported; it was similarly determined by
the increase of the GCE surface area due to the small-sized
nCdCu resulting in a subsequent increase of local enzyme
concentrations in the bioselective layer.
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Fig.3 Electrochemical characteristics of GCEs modified with nCdCu
and ArgO (a, d, g), ADI (b, e, h), and ARG/urease (c, f, i) in the pres-
ence of increased concentrations of Arg. CVs (a—c) under injected
Arg up to concentrations 0.2 mM (2), 0.5 mM (3) in comparison with
nCdCu/GCE (1) and unmodified GCE (4), and enzyme/GCEs (5) (as
a control electrodes) in the presence of 0.5 mM Arg; amperometric

nCu as a chemosensor on ammonium ions

To date, there are no reports regarding the ABSs based on
nCu for the detection of ammonia. We constructed ABSs
based on enzymes selective to Arg and nCu for monitoring
ammonia which is produced during the enzymatic cleavage
of Arg. The electrocatalytic activities of the nCu conjugated
with the enzymes were tested using CV and amperometry
(Fig. 4). The obtained CVs (Fig. 4) demonstrated strong
reduction peaks at near — 300 mV which was chosen as an

@ Springer

(h) (i)

responses (d—f) and calibration curves (g-i) of peak current vs total
Arg concentration. Conditions: CV scan rate 5 mV-s~! vs. Ag/AgCl,
pH 7.5 (for ADI- or ArgO-based sensor) or 50 mM TB, pH 8 (for
ARG/urease sensor); working potentials for ArgOx/nCdCu/GCE,
ARG/urease/nCdCu/GCE, and ADI/nCdCu/GCE are as follows: —
150 mV, — 150 mV, and — 200 mV, respectively

optimal working potential for three types of bioelectrodes.
The obtained data of amperometry and correspondent cali-
bration graphs at potential — 300 mV are shown in Fig. 4 and
Table 2, respectively.

Table S2 presents the main analytical parameters of the
bioelectrodes modified with Arg-sensitive enzymes and nCu.

In summary, the constructed novel ABSs based on Arg-
selective enzymes have some advantages over mono and
bi-enzymes as well as over the cell-based ABSs previously
constructed by us using the same enzymes (Table 1).
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Table 1 Comparison of the

1 ” Bioelectrode Monitored ~ Working Sensitivity,  Linear LOD, Reference

most effective amperometric product potential, A-M~'m~2 range, M M

biosensors for Arg assay mv
ArgO/nCeCu/'GE H,0, - 150 1630+£92  5-100 NG [41]
ArgO/nNiPtPd/GE 5785 10-250
ArgO/gCuHCF/GE 602 +42 10-100
ArgO/ Phenol red - - 100-1000 16 [54]
ArgO/nCu/’GCE NH,* —300 2300+ 15 2-18 0.7 Current paper
ArgO/nCdCu/GCE - 150 1700+ 80 30-160 55
ADI/PANi/Nafion/Pt->SPE -350 684 +32 3-200 1.0 [33]
ADI/Cu/Zn(Hg)S/GE -200 1570 13-800 43 [34]
ARG -urease/PANI/PtE 110+£1.3 70-600 38 [35]
4p-cells/urease/PANI/PtE 14+1.1 Upto 600 N.d [55]
ARG -nAu/p-cells/urease 357+24 10-700
/PANi/PtE
ADI/nCu/GCE —-300 505+3 6—130 1.8 Current paper
ARG-urease/nCu/GCE 780+55 6-50 1.75
ARG-urease/ nCdCu/GCE - 150 4500+170 2-80 0.6
ADI/nCdCu/GCE -200 1650+75 12-200 3.6
'GE graphite electrode

2N.d. not detected

3SPE screen-printed electrode

4p-cells permeabilized cells of the yeast O. polymorpha

SGCE glassy carbon electrode

Thus, the developed ABSs are highly sensitive and are
low-cost in usage due to application in the bioselective layer
of enzymes from microbial or forest fungus sources. The
high sensitivity of the constructed ABSs will be promising
in medical diagnostics to analyze the Arg in serum for diag-
nostics and cancer treatment where the expected concentra-
tion of Arg is not higher than 110 pM [5, 11].

The comparison of the main validation parameters,
including linearity, regression equation, and limit of detec-
tion (LOD) for the developed bioelectrodes (Tables S1-S2)
with the ABSs previously described in the literature
(Table 1), demonstrated that the currently constructed ABSs
possess significantly higher sensitivities, lower LODs, and
broader linear ranges.

The ABSs for Arg determination, developed in the cur-
rent work, reveal high sensitivities, do not require the com-
bination of a cascade of enzymes, and have fast responses
to Arg. Additionally, a great advantage of these ABSs is
the simplicity and economy of the synthesis of ammonium-
selective NPs if compared to the known analogues.

Analytical properties of the constructed
bioelectrodes

To test the selectivity, the developed bioelectrodes with the
highest sensitivities were evaluated by analyzing responses
on some compounds usually present in natural juices. The

selectivity was estimated in relative units (%), and the maxi-
mal amperometric response upon injectingl mM Arg was
taken as 100% for all electrodes (Fig. S3). As shown in
Fig. S3a—c, all of the constructed biosensors were highly
specific to Arg, while the amperometric signal to other com-
pounds was less than 5%, including L-Lys, L-Trp, L-Phe,
and L-Pro. To test the stability of the proposed biosensors,
the amperometric responses to 0.5 mM Arg in 50 mM PB,
pH 7.5, or 50 mM TB, pH 8 (for ARG/urease/NPs/GCE),
were measured during 14 days. The current response of
the ArgO/nCdCu/GCE was shown to decrease by 30% for
5 days, while the half-life of this sensor was about 6 days
(Fig. S3a). The half-life of ARG/urease/nCdCu/GCE and
ADI/nCdCu/GCE was shown to be 6 and 7 days, respectively
(Fig. S3b—c). The storage stability of the designed bioelec-
trodes is not good enough for their commercial introduction
to the market, taking into account the possibly long deliv-
ery time when the sensors can lose their usability. However,
the procedures presented here can be used for disposable
sensors prepared and used in the same laboratories. Not all
the elements of such sensors are disposable. Glassy carbon
electrodes are renewable by polishing and ready for subse-
quent modification with nanomaterials, which can be stored
intact for a long time, like lyophilized enzymes. To the best
of our knowledge, neither voltammetric nor amperometric
arginine sensors are available commercially. The obtained
results suggest that the constructed biosensors provide good

@ Springer
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a control electrodes) in the presence of 0.5 mM Arg; amperometric
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responses (d—f) and calibration curves (g—i) of peak current vs total
Arg concentration. Conditions: CV scan rate 5 mV-s~! vs. Ag/AgCl,
pH 7.5 (for ADI- or ArgO-based sensor) or 50 mM TB, pH 8 (for
ARG/urease sensor); working potential for all bioelectrodes was
ArgOx/nCdCu/GCE, ARG/urease/nCdCu/GCE and ADI/nCdCu/

Table 2 Detection of Arg

! Method Biosensor Reference enzy-
level (mM) in the samples of matic method
commercial juices ADI/nCdCu/GCE ARG/urease/nCdCu/  ArgO/nCdCu/GCE

GCE

Juice Arg CV,% Arg CV,% Arg CV,% Arg CV, %

Apple 2.52+0.12 4.7 2.35+0.10 4.25 2.26+0.15 6.6 246+0.07 2.8
p>0.05 p>0.05 p>0.05

Raspberry 2.15+0.07 3.3 2.32+0.08 34 2.16+0.08 3.7 226+0.10 44
p>0.05 p>0.05 p>0.05

Orange 337+0.15 44 3.60+0.10 2.8 3.50+0.20 5.7 340+0.11 32
p>0.05 p>0.05 p>0.05

2N.d. not detected; Student’s test (p) was performed for values obtained by the biosensor approach com-
pared to the reference one [22]
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selectivity for Arg assay in juices. This makes the proposed
sensors good candidates for wide applications by their fur-
ther development towards improved stability.

The reproducibility of the constructed biosensors was
also investigated by analyzing 0.5 mM Arg for 9 times dur-
ing one day (n=9). The relative standard deviation (RSD)
is shown to be less than 3.5% for all biosensors, which is a
permissible error for the analysis of real samples.

The responses of the independently prepared nanostruc-
tured bioelectrodes were also tested for 0.5 mM Arg using
amperometry to estimate the operational stability (repeat-
ability). The obtained results demonstrates that the con-
structed bioelectrodes reveal satisfactory operation stabil-
ity (Table S1-S2) which is connected with impact nCu or
nCdCu on activity of enzymes. Thus, to demonstrate the
practical application of the biosensors, Arg content was fur-
ther tested in commercial juices.

Detection of Arg content in fruit juices

Arg is usually present in juices and wines [2, 3, 12, 54]. To
validate the created ABSs, they were used to analyze the Arg
content in juices in comparison with the reference arginase-
based enzymatic-chemical method proposed by us earlier
[22]. The results of this study are presented in Table 2.
There is no significant difference between Arg content esti-
mated using three different ABSs and the reference method
(Table 2). It was demonstrated that Arg content estimated
by each ABS and the reference method are in good agree-
ment (p > 0.05) with strong (R=0.993-0.999) correlations
(Fig. S4).

The obtained results prove the accuracy of the biosensor
approaches for Arg assay (differences are less 10.0%) and
can be used for control of food quality.

Conclusion

Detecting Arg in fresh and fermented foods is essential for
the quality control of food additives and beverages including
wine or juice. In the current paper, novel amperometric bio-
sensors based on Arg selective enzymes—arginine oxidase,
arginine deiminase—and arginase/urease in combination
with redox-active ammonia nanochelators were constructed.
The nCu and nCdCu which have the highest electrocatalytic
activity toward ammonium were used to construct ABSs.
Three types of the sensing elements contained different Arg-
sensitive enzymes; nCdCu or nCu as NHf-chemosensors
revealed the good sensitivities, broad linear ranges, and sat-
isfactory storage stabilities. The constructed bioelectrodes
were successfully utilized for the amperometric monitoring
of Arg in fruit juices. High correlations between Arg content
determined by the developed biosensors and the enzymatic

reference method were observed (R=0.993-0.999). The fab-
ricated NPs-based ABSs can be promising both for routine
quantification of Arg by winemakers to control potential EC
levels during wine production and for application in clinical
diagnostics.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-023-06114-1.

Author contribution N.S.: investigation, writing-original draft, formal
analysis, writing-reviewing and editing.

G.G.: investigation, formal analysis, writing-reviewing and editing.

W.N.: supervision, investigation, formal analysis, writing-reviewing
and editing.

M_.H.: investigation, formal analysis, writing-reviewing and editing.

O.D.: visualization, validation, formal analysis.

L.F.: investigation and formal analysis.

A.S.: conceptualization, methodology, supervision, formal analysis.

G.M.: conceptualization, methodology, supervision, formal analy-
sis, writing-reviewing and editing.

Funding This research was supported by the ITE-Scholar Rescue
Fund and/or the Institute of International Education, by the National
Research Foundation of Ukraine (projects Nos. 2020.02/0100 and
2021.01/0010), by “Presidential Discretionary-Ukraine Support
Grants” from Simons Foundation (Award No 1030281) and by the
National Science Centre, Poland (Grant 2022/46/E/ST4/00457).

Data availability The authors declare that the data supporting the find-
ings of this study are available within the paper and its Supplementary
Information files.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Szlas A, Kurek JM, Krejpcio Z (2022) The potential of L-arginine
in prevention and treatment of disturbed carbohydrate and lipid
metabolism A review. Nutrients 24:961. https://doi.org/10.3390/
nul4050961

2. Gayda G, Stasyuk N, Klepach H, Gonchar M, Nisnevitch M
(2019) Promising bioanalytical approaches to wine analysis. In:
Grumezescu A & Holban AM (Eds.), The science of beverages.
Quality Control in the Beverage Industry (pp. 419-458), Aca-
demic Press, eBook, ISBN: 9780128166826. https://doi.org/10.
1016/B978-0-12-816681-9.00012-6

@ Springer


https://doi.org/10.1007/s00604-023-06114-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nu14050961
https://doi.org/10.3390/nu14050961
https://doi.org/10.1016/B978-0-12-816681-9.00012-6
https://doi.org/10.1016/B978-0-12-816681-9.00012-6

47

Page 12 of 13

Microchim Acta (2024) 191:47

e

10.

11.

12.

13.

14.

15.

16.

17.

18.

Wang P, SunJ, Li X, Wu D, Li T, Lu J, Chen J, Xie G (2014) Con-
tribution of citrulline to the formation of ethyl carbamate during
Chinese rice wine production. Food Addit Contam Part A Chem
Anal Control Expo Risk Assess 31(4):587-592. https://doi.org/
10.1080/19440049.2013.878869

Kobets T, Smith BPC, Williams GM (2022) Food-borne chemi-
cal carcinogens and the evidence for human cancer risk. Foods
11:2828. https://doi.org/10.3390/foods 11182828

Lind DS (2004) Arginine and cancer. J Nutr 34:2837S-28418S.
https://doi.org/10.1093/jn/134.10.2837S

Liu T, Wang X, Jia P, Liu C, Wei Y, Song Y, Li S, Liu L, Wang
B, Shi H (2022) Association between serum arginine levels and
cancer risk: a community-based nested case-control study. Front
Nutr 9. https://doi.org/10.3389/fnut.2022.1069113

Xu L, Zeng J, Wang H, Liu H (2022) Comparison of diagnostic
values of maternal arginine concentration for different pregnancy
complications: a systematic review and meta-analysis. Biomedi-
cines 10(1):166. https://doi.org/10.3390/biomedicines 10010166
Therrell BL, Currier R, Lapidus D, Grimm M, Cederbaum SD
(2017) Newborn screening for hyperargininemia due to arginase
1 deficiency. Mol Genet Metab 121(4):308-313. https://doi.org/
10.1016/j.ymgme.2017.06.003

Hou X, Chen S, Po Z, Guo D, Wang B (2022) Targeted arginine
metabolism therapy: a dilemma in glioma treatment. Front Oncol
22:938847. https://doi.org/10.3389/fonc.2022.938847

Adebayo A, Varzideh F, Wilson S, Gambardella J, Eacobacci M,
Jankauskas SS, Donkor K, Kansakar U, Trimarco V, Mone P,
Lombardi A, Santulli G (2021) L-arginine and COVID-19: an
update. Nutrients 13:3951. https://doi.org/10.3390/nul13113951
Al-Koussa H, Mais NE, Maalouf H, Abi-Habib R, El-Sibai M
(2020) Arginine deprivation: a potential therapeutic for cancer
cell metastasis? A review. Cancer Cell Int 20:150. https://doi.org/
10.1186/s12935-020-01232-9

Stasyuk N, Gayda G, Fayura L, Boretskyy Y, Gonchar M, Sibirny
A (2016) Novel arginine deiminase-based method to assay L-argi-
nine in beverages. Food Chem 201:320-326. https://doi.org/10.
1016/j.foodchem.2016.01.093

Kaur J, Rangra NK, Chawla PA (2023) A comprehensive review
on recent trends in amino acids detection through analytical tech-
niques. SSCplus. https://doi.org/10.1002/sscp.202300040
Baghal Behyar MB, Hasanzadeh M, Seidi F, Shadjou N (2023)
Sensing of amino acids: Critical role of nanomaterials for the
efficient biomedical analysis. Microchem J 188:108452. https://
doi.org/10.1016/j.microc.2023.108452

Imanzadeh H, Sefid-Sefidehkhan Y, Afshary H, Afruz A, Amiri
M (2023) Nanomaterial-based electrochemical sensors for detec-
tion of amino acids. J Pharm Biomed Anal (JPBA) 230:115390.
https://doi.org/10.1016/j.jpba.2023.115390

Bawa R, Deswal N, Negi S, Dalela M, Kumar A, Kumar R (2022)
Pyranopyrazole based Schiff base for rapid colorimetric detection
of arginine in aqueous and real samples. RSC Adv 12:11942-
11952. https://doi.org/10.1039/D2RA00091 A

Yueyue L, Yanan B, Ruihui W, Zheng W, Zhanxian L, Chenjie F,
Mingming Yu (2020) FRET-based ratiometric fluorescent detection
of arginine in mitochondrion with a hybrid nanoprobe. Chin Chem
Let 31:443-446. https://doi.org/10.1016/j.cclet.2019.07.047

Sun Y, Ishikawa NF, Ogawa NO, Kawahata H, Takano Y, Ohk-
ouchi N (2020) A method for stable carbon isotope measurement
of underivatized individual amino acids by multi-dimensional
high-performance liquid chromatography and elemental analyzer/
isotope ratio mass spectrometry. Rapid Commun Mass Spectrom
34(20):e8885

. Chi J, Song Y, Feng L (2023) A ratiometric fluorescent paper

sensor based on dye-embedded MOF for high-sensitive detection
of arginine. Biosens Bioelectron 241:115666. https://doi.org/10.
1016/j.bi0s.2023.115666

Springer

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Kameya M, Asano Y (2014) Rapid enzymatic assays for L-cit-
rulline and L-arginine based on the platform of pyrophosphate
detection. Enzyme Microb Technol 57:36—41. https://doi.org/10.
1016/j.enzmictec.2014.01.008

Zarei M, Rahbar M, Morowvat M, Nezafat N, Negahdaripour
M, Berenjian A, Ghasemi Y (2019) Arginine deiminase: current
understanding and applications. Recent Pat Biotechnol 13(2):124
Stasyuk N, Gayda G, Zakalskiy A, Zakalska O, Fayura L, Vovk
O, Stasyk O, Sibirny A, Gonchar M (2017) recombinant forms
of arginase and arginine deiminase as catalytic components of
argitest enzymatic kit. Sci Innov 13(4):56-63. https://doi.org/10.
15407/scine13.04.056h1

Gayda G, Stasyuk N, Zakalskiy A, Gonchar M, Katz E (2022)
Arginine-hydrolyzing enzymes for electrochemical biosensors.
Curr Opin Electrochem 33:100941. https://doi.org/10.1016/j.
coelec.2022.100941

Stasyk O, Boretsky Y, Gonchar M, Sibirny A (2015) Recombinant
arginine-degrading enzymes in metabolic anticancer therapy and
biosensorics. Cell Biol Intern 39(3):246-252. https://doi.org/10.
1002/cbin.10383

Verma N, Singh AK, Singh M (2017) L-arginine biosensors: a
comprehensive review. BB Reports 12:228-239. https://doi.org/
10.1016/j.bbrep.2017.10.006

Singh AK, Sharma R, Singh M, Verma N (2020) Electrochemical
determination of L-arginine in leukemic blood samples based on
a polyaniline-multiwalled carbon nanotubea magnetite nanocom-
posite film modified glassy carbon electrode. Instrum Sci Technol
48:1-17. https://doi.org/10.1080/10739149.2020.1734934

Zhu K-J, Zhou L, Wu L, Feng S-F, Hu H-Y, He J-L, He Y-M, Feng
Z-M, Yin Y-L, Yu D, Cao Z (2021) An enzyme-free amperomet-
ric sensor based on self-assembling ferrocene-conjugated oligo-
peptide for specific determination of L-arginine. Chin J Chem
39(10):2755-2762

He Y, Zhou L, Deng L, Feng Z, Cao Z, Yin Y (2021) An elec-
trochemical impedimetric sensing platform based on a peptide
aptamer identified by high-throughput molecular docking for sen-
sitive L-arginine detection. Bioelectrochem 137:107634
Soldatkin OO, Marchenko SV, Soldatkina OV, Cherenok S,
Kalchenko O, Prynova O, Sylenko O, Kalchenko V, Dzyadevych
S (2018) Conductometric sensor with calixarene-based chemosen-
sitive element for the arginine detection. Chem Pap 72:2687-2697
Taheri H, Khayatian G (2022) PMMA/paper hybrid microflu-
idic chip for simultaneous determination of arginine and valine
in human plasma. Mikrochim Acta 189:370. https://doi.org/10.
1007/500604-022-05464-6g

Wang Q, Pu Z, Wang Y, Li M (2023) Surface passivated p-phe-
nylenediamine carbon quantum dots (p-CQDs) as fluorescent
turn-on probes for the detection of Li+ and L-arginine by two
different mechanisms. Opt Mater 136:113415. https://doi.org/10.
1016/j.optmat.2022.113415

Berninger T, Bliem C, Piccinini E, Azzaroni O, Knoll W (2018)
Cascading reaction of arginase and urease on a graphene-based
FET for ultrasensitive, real-time detection of arginine. Biosens
Bioelectron 115:104. https://doi.org/10.1016/j.bios.2018.05.027
Zhybak MT, Fayura LR, Boretsky YR, Gonchar MV, Sibirny AA,
Dempsey E, Turner AF, Korpan YI (2017) Amperometric L-argi-
nine biosensor based on a novel recombinant arginine deiminase.
Microkhim Acta 184(8):2679-2686. https://doi.org/10.1007/
s00604-017-2290-4

Stasyuk NY, Gayda GZ, Zakalskiy AE, Fayura LR, Zakalska OM,
Sibirny AA, Nisnevitch M, Gonchar MV (2022) Amperometric
biosensors for L-arginine and creatinine assay based on recombi-
nant deiminases and ammonium-sensitive Cu/Zn(Hg)S nanopar-
ticles. Talanta 238(1):122996. https://doi.org/10.1016/j.talanta.
2021.122996


https://doi.org/10.1080/19440049.2013.878869
https://doi.org/10.1080/19440049.2013.878869
https://doi.org/10.3390/foods11182828
https://doi.org/10.1093/jn/134.10.2837S
https://doi.org/10.3389/fnut.2022.1069113
https://doi.org/10.3390/biomedicines10010166
https://doi.org/10.1016/j.ymgme.2017.06.003
https://doi.org/10.1016/j.ymgme.2017.06.003
https://doi.org/10.3389/fonc.2022.938847
https://doi.org/10.3390/nu13113951
https://doi.org/10.1186/s12935-020-01232-9
https://doi.org/10.1186/s12935-020-01232-9
https://doi.org/10.1016/j.foodchem.2016.01.093
https://doi.org/10.1016/j.foodchem.2016.01.093
https://doi.org/10.1002/sscp.202300040
https://doi.org/10.1016/j.microc.2023.108452
https://doi.org/10.1016/j.microc.2023.108452
https://doi.org/10.1016/j.jpba.2023.115390
https://doi.org/10.1039/D2RA00091A
https://doi.org/10.1016/j.cclet.2019.07.047
https://doi.org/10.1016/j.bios.2023.115666
https://doi.org/10.1016/j.bios.2023.115666
https://doi.org/10.1016/j.enzmictec.2014.01.008
https://doi.org/10.1016/j.enzmictec.2014.01.008
https://doi.org/10.15407/scine13.04.056hl
https://doi.org/10.15407/scine13.04.056hl
https://doi.org/10.1016/j.coelec.2022.100941
https://doi.org/10.1016/j.coelec.2022.100941
https://doi.org/10.1002/cbin.10383
https://doi.org/10.1002/cbin.10383
https://doi.org/10.1016/j.bbrep.2017.10.006
https://doi.org/10.1016/j.bbrep.2017.10.006
https://doi.org/10.1080/10739149.2020.1734934
https://doi.org/10.1007/s00604-022-05464-6g
https://doi.org/10.1007/s00604-022-05464-6g
https://doi.org/10.1016/j.optmat.2022.113415
https://doi.org/10.1016/j.optmat.2022.113415
https://doi.org/10.1016/j.bios.2018.05.027
https://doi.org/10.1007/s00604-017-2290-4
https://doi.org/10.1007/s00604-017-2290-4
https://doi.org/10.1016/j.talanta.2021.122996
https://doi.org/10.1016/j.talanta.2021.122996

Microchim Acta (2024) 191:47

Page 130f 13 47

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Stasyuk N, Smutok O, Gayda G, Vus B, Koval’chuk Y, Gonchar
M (2012) Bi-enzyme L-arginine-selective amperometric biosensor
based on ammonium-sensing polyaniline-modified electrode. Biosens
Bioelectron 37(1):46. https://doi.org/10.1016/j.bios.2012.04.031
Berketa K, Saiapina O, Fayura L, Sibirny A, Dzyadevych S, Sol-
datkin O (2022) Novel highly sensitive conductometric biosen-
sor based on arginine deiminase from Mycoplasma hominis for
determination of arginine. Sens Actuators, B Chem 367:132023.
https://doi.org/10.1016/j.snb.2022.132023

Strehlitz B, Griindig B, Kopinke H (2000) Sensor for ampero-
metric determination of ammonia and ammonia-forming enzyme
reactions. Anal Chim Acta 403(1):11-23. https://doi.org/10.1016/
S0003-2670(99)00594-2

Wang C, Wang T, Li Z, Xu X, Zhang X, Li D (2021) An electro-
chemical enzyme biosensor for ammonium detection in aquacul-
ture using screen-printed electrode modified by gold nanoparticle/
polymethylene blue. Biosensors 11:335. https://doi.org/10.3390/
bios11090335

Lihdesmaiki I, Kubiak WW, Lewenstam A, Ivaska A (2000) Inter-
ferences in a polypyrrole-based amperometric ammonia sensor.
Talanta 52(2):269-275. https://doi.org/10.1016/s0039-9140(00)
00330-1

Kacaniklic V, Johansson K, Marko-Varga G, Gorton L, Jons-
son-Pettersson G, Csoregi E (1994) Amperometric biosensors
for detection of L- and D-amino acids based on coimmobilized
peroxidase and L- and D-amino acid oxidases in carbon paste
electrodes. Electroanalysis 6(6):381-390. https://doi.org/10.1002/
elan.1140060505

Stasyuk N, Gayda G, Demkiv O, Darmohray L, Gonchar M,
Nisnevitch M (2021) Amperometric biosensors for L-arginine
determination based on L-arginine oxidase and peroxidase-like
nanozymes. Appl Sci 11(15):7024. https://doi.org/10.3390/app11
157024

Stasyuk N, Demkiv O, Gayda G, Zakalskiy A, Klepach H, Bisko
N, Gonchar M, Nisnevitch M (2022) Highly porous 3D gold
enhances sensitivity of amperometric biosensors based on oxi-
dases and CuCe nanoparticles. Biosensors (Basel) 12(7):472.
https://doi.org/10.3390/bios 12070472

Hathaway BJ, Tomlinson AAG (1970) Copper(II) ammonia com-
plexes. Coord Chem Rev 5:1-43. https://doi.org/10.1016/S0010-
8545(00)80073-9

Peng C, Chai L, Tang C, Min X, Song Y, Duan C, Yu C (2017)
Study on the mechanism of copper—-ammonia complex decompo-
sition in struvite formation process and enhanced ammonia and
copper removal. J Environ Sci 51:222-233. https://doi.org/10.
1016/j.jes.2016.06.020

Biiyiikkdse S (2020) Highly selective and sensitive WO; nano-
flakes based ammonia sensor. Mater Sci Semicond Process
110:1049609. https://doi.org/10.1016/j.mssp.2020.104969

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

LiuZ, He T, Sun H, Huang B, Li X (2022) Layered MXene het-
erostructured with In,O5 nanoparticles for ammonia sensors at
room temperature. Sens Actuators B Chem 365:131918. https://
doi.org/10.1016/j.snb.2022.131918

Korent A, Trafela S, SoderZznik Z, Samardzija Z, Sturm S, RoZman
7K (2022) Au-decorated electrochemically synthesised polyani-
line-based sensory platform for amperometric detection of aque-
ous ammonia in biological fluids. Electrochim Acta 430:141034.
https://doi.org/10.1016/j.electacta.2022.141034

Tabr FA, Salehiravesh F, Adelnia H, Gavgani JN, Mahyari M
(2019) High sensitivity ammonia detection using metal nanopar-
ticles decorated on graphene macroporous frameworks/polyani-
line hybrid. Talanta 197:457-464. https://doi.org/10.1016/j.talan
ta.2019.01.060

Verma N, Singh AK, Saini N (2017) Synthesis and characteri-
zation of ZnS quantum dots and application for development of
arginine biosensor. Sens Bio-Sens Res 15:41. https://doi.org/10.
1016/j.sbsr.2017.07.004

Stasyuk N, Demkiv O, Gayda G, Zakalska O, Nogala W, Gonchar
M (2022) Amperometric biosensors based on alcohol oxidase and
peroxidase-like nanozymes for ethanol assay. Microkhim Acta
189(12):474. https://doi.org/10.1007/s00604-022-05568-z
Fairley N, Fernandez V, Richard-Plouet M, Guillot-Deudon C,
Walton J, Smith E, Flahaut D, Greiner M, Biesinger M, Tougaard
S, Morgan D, Baltrusaitis J (2021) Systematic and collaborative
approach to problem solving using X-ray photoelectron spectros-
copy. Appl Surf Sci 5:100112. https://doi.org/10.1016/j.apsadv.
2021.100112

Wagner CD, Naumkin AV, Kraut-Vass A, Allison JW, Powell CJ,
Rumble JR (2003) NIST standard reference database 20, version
3.4. https://doi.org/10.18434/T4T88K

Brown OR, Wilmott MJ (1985) A kinetic study of the
Cu(NH3)411/Cu(NH3)21 redox couple at carbon electrodes. J
Electroanal Chem Interfacial Electrochem 191:191-199. https://
doi.org/10.1016/S0022-0728(85)80015-2

Kumar K, Phathak T, Shefali W (2012) L-arginase based biosen-
sor for detection of L-arginine in juice samples. J Nat Prod Plant
Resour 2:494-499

Stasyuk N, Gayda G, Gonchar M (2014) L-arginine-selective
microbial amperometric sensor based on recombinant yeast cell
over-producing human liver arginase I. Sens Actuators B Chem
204:515-521. https://doi.org/10.1016/j.snb.2014.06.112

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.bios.2012.04.031
https://doi.org/10.1016/j.snb.2022.132023
https://doi.org/10.1016/S0003-2670(99)00594-2
https://doi.org/10.1016/S0003-2670(99)00594-2
https://doi.org/10.3390/bios11090335
https://doi.org/10.3390/bios11090335
https://doi.org/10.1016/s0039-9140(00)00330-1
https://doi.org/10.1016/s0039-9140(00)00330-1
https://doi.org/10.1002/elan.1140060505
https://doi.org/10.1002/elan.1140060505
https://doi.org/10.3390/app11157024
https://doi.org/10.3390/app11157024
https://doi.org/10.3390/bios12070472
https://doi.org/10.1016/S0010-8545(00)80073-9
https://doi.org/10.1016/S0010-8545(00)80073-9
https://doi.org/10.1016/j.jes.2016.06.020
https://doi.org/10.1016/j.jes.2016.06.020
https://doi.org/10.1016/j.mssp.2020.104969
https://doi.org/10.1016/j.snb.2022.131918
https://doi.org/10.1016/j.snb.2022.131918
https://doi.org/10.1016/j.electacta.2022.141034
https://doi.org/10.1016/j.talanta.2019.01.060
https://doi.org/10.1016/j.talanta.2019.01.060
https://doi.org/10.1016/j.sbsr.2017.07.004
https://doi.org/10.1016/j.sbsr.2017.07.004
https://doi.org/10.1007/s00604-022-05568-z
https://doi.org/10.1016/j.apsadv.2021.100112
https://doi.org/10.1016/j.apsadv.2021.100112
https://doi.org/10.18434/T4T88K
https://doi.org/10.1016/S0022-0728(85)80015-2
https://doi.org/10.1016/S0022-0728(85)80015-2
https://doi.org/10.1016/j.snb.2014.06.112

	Ammonium nanochelators in conjunction with arginine-specific enzymes in amperometric biosensors for arginine assay
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Synthesis and characterization of metallic nanocomposites
	Enzymes preparations
	Development of the nanostructured bioelectrodes
	Arg assay in fruit juices
	Statistical analysis

	Results and discussion
	Selection of the most chemically active ammonium-sensitive nanocomposites and their characterization
	Electrochemical properties of NPsGCE modified with Arg-selective enzymes
	nCdCu as a chemosensor on ammonium ions
	nCu as a chemosensor on ammonium ions

	Analytical properties of the constructed bioelectrodes
	Detection of Arg content in fruit juices

	Conclusion
	References


