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Abstract: To access hydrogen peroxide scavenging activity, we propose a sensor based on core-shell
iron-nickel hexacyanoferrate nanoparticles. On the one hand, the sensor preparation procedure
is simple: syringing the nanoparticles suspension with subsequent annealing. On the other hand,
the sensor demonstrates a stable response to 0.05 mM of H,O, within one hour, which is sufficient
for the evaluation of antioxidant activity (AO). The analytical performance characteristics of the
sensor (0.5-0.6 A M~1 ecm~2, detection limit 1.5 x 107 M and linear dynamic range 1-1000 uM) are
leads to advantages over the sensor based on Prussian Blue films. The pseudo-first-order constant
of hydrogen peroxide scavenging was chosen as a characteristic value of AO. The latter for trolox
(standard antioxidant) was found to be linearly dependent on its concentration, thus allowing for the
evaluation of antioxidant activity in trolox equivalents. The approach was validated by analyzing
real beverage samples. Both the simplicity of sensor preparation and an expressiveness of analytical
procedure would obviously provide a wide use of the proposed approach in the evaluation of
antioxidant activity.

Keywords: antioxidant activity; hydrogen peroxide scavenging; core-shell iron-nickel hexacyanofer-
rate nanoparticles

1. Introduction

Reactive oxygen species (ROS) serve to remove damaged macromolecules of proteins,
lipids and other substances. However, an increased concentration of such substances can
lead to a deviation from the redox balance. Oxidative stress caused by an imbalance of
oxidants and reducers is one of the main risk factors for the development of cardiovas-
cular [1], neurological [2], retinal [3], renal [4] and intestinal [5] diseases, takes part in
diabetes [6], Alzheimer’s disease [7] and cancer [8] and even affects aging [9,10]. The intake
of reducing agents through food is believed to be one of the main ways to avoid those risks.
An antioxidant can be defined as any substance that, when present in food or in the body
at very low concentrations, delays, controls or prevents the initiation and propagation of
oxidative stress [11].

Important antioxidants in food are vitamins (ascorbic acid, tocopherols), carotenoids
(condensed tannins, xanthophylls and carotenes), flavonoids (flavones, isoflavines, flavonols,
flavanols, flavanones), phenolic acids (hydroxyl-benzoic acid and hydroxyl-cinnamic acid)
and phenolic alcohols [12]. For practical purposes knowing the total antioxidant activity
(TAA) is required, regardless of the substances used. In addition, knowledge of the exact
concentrations and activities of all components of the system does not provide complete
knowledge of the TAA since the effect of the antioxidants is not additive (for example,
synergism or antagonism is possible in such a system [13-16]).

Known methods for assessing the antioxidant activity can be divided into two groups.
The first group of methods is based on the detection of an oxidizable product, e.g., a lipid
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oxidation product. The thiobarbituric acid reactive substances (TBARS) assay [17], as the
most common method of this group, allows for the measurement of the ability of the
antioxidant to prevent or enhance the effect of ROS on lipids. However, such methods are
time consuming and require the use of a lipid substrate. Many factors (e.g., pre-formed
peroxides in lipid) are implicated in the variability of both the formation of oxidation
products and the antioxidant activity, complicating method standardization [18]. Therefore,
methods based on the addition of oxidants to a specimen and the investigation of their
further decomposition are of great interest.

Modern analytical techniques use radicals, metal compounds and even direct antiox-
idant electrooxidation. The use of natural radicals (such as the superoxide radical [19]
and the hydroxide radical [20]) provides more reliable information about sample ability
to scavenge ROS. However, the lifetime of natural radicals is negligible, requiring the
introduction of a radical synthesis reaction into the system, thereby complicating the mea-
surement procedure. The scavenging of artificial radicals method [21,22] is simple, easy,
economic, rapid and commonly employed for the evaluation of the radical scavenging
activity of non-enzymatic antioxidants. The main disadvantage of using stable artificial
radicals (ABTS*, DPPH, etc.) is their biological irrelevance, which does not reflect the
situation in an oxidizing food or an in vivo situation [11]. Some methods using oxidizing
agents (Cly, Bry, I, ferric complexes, dichromate anion), which is convenient because
such agents might be synthesized directly in the system, and much simpler and cheaper
electrochemical equipment is required for both oxidant synthesis and TAA measurement
by coulometric titration [23] or chronoamperometry [24]. However, these methods measure
the concentration of the reducing agents in the sample rather than the antioxidant activity.
The only sufficiently powerful and stable natural oxidizing agent is hydrogen peroxide.
Although there is a chemiluminescence method for TAA measurement [25], that uses
hydrogen peroxide as the oxidant, electrochemical assays seem to be more perspective.

Prussian Blue (PB) is known as a selective electrocatalyst for hydrogen peroxide
reduction [26], which makes it a promising material for the fabrication of electrochemical
H,0O, sensors. Despite its many advantages, it suffers from poor operational stability.
Hence, the best way to develop an advanced electrocatalyst for HyO, reduction with
improved operational stability should be based on the stabilization of Prussian Blue.
Various strategies have been used for this objective, for example, covering it with organic
polymers [27], polyionomers [28] or multilayers of non-iron hexacyanoferrates [29-31] and
entrapping it in sol-gel [32] or conductive polymer matrices [33]. However, despite the
stabilization effect achieved, decreased catalytic activity was observed for the resulting
materials. In addition, all of the developed techniques were time consuming, complicated
and characterized by poor reproducibility.

In 2018 a new sensing material—Prussian Blue nanoparticles—was proposed by our
research group [34]. PB nanoparticles can be prepared by chemical [34] or electrochem-
ical [35] means and used to create improved sensors [36] and biosensors [37,38], whose
performance characteristics are better compared to sensors based on Prussian Blue films.
The only disadvantage of PB nanoparticles—low operational stability—was overcome
in 2021 by performing catalytic synthesis on core-shell nanoparticles based on a PB core
stabilized with a nickel hexacyanoferrate (NiHCF) shell [39].

We now propose sensors based on PB-NiHCF nanoparticles, which are characterized
by high sensitivity and operational stability combined with a rapid and simple prepara-
tion technique for measuring antioxidant activity by monitoring of hydrogen peroxide
scavenging.

2. Materials and Methods
2.1. Reagents and Objects of Analysis

Experiments were carried out with Millipore Milli-Q water. All inorganic salts and
hydrogen peroxide (30% solution) were obtained at the highest purity from ReachIM
(Moscow, Russia) and used as received. Samples of fruits and juices were bought in a local
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supermarket. Freshly squeezed juices were prepared immediately before the measurements
and diluted two-fold with 0.1 M of phosphate-buffered solution containing 0.2 M of KCL

2.2. Sensor Preparation

Stabilized Prussian Blue (PB-NiHCF) nanoparticles were produced as described in [39].
Nanoparticles size distribution was estimated by dynamic light scattering using Malvern
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). The Prussian Blue concen-
tration in colloidal nanoparticles solution was determined spectrophotometrically (€700 nm
(per PB unit cell) = 4.85 X 10* M—L.cm™1). The obtained Prussian Blue nanoparticles
were stored at pH 1.1 and ultrasonicated prior to use. No changes in nanoparticles size or
physicochemical properties were observed during 6 months of storage at room temperature.
Screen-printed electrodes for hydrogen peroxide sensors manufacturing were obtained
from RUSENS LTD (Moscow, Russia). The sensor contained a carbon auxiliary electrode
surrounding the round working electrode (J1.8 mm) modified with PB-NiHCF nanoparti-
cles and an Ag| AgCl reference electrode. The modification procedure was performed by
placing a 2 uL drop of a suspension containing PB or PB-NiHCF nanoparticles (6.5 nM)
onto the working electrode surface.

2.3. Amperometric Measurements

Monitoring of hydrogen peroxide with screen-printed sensors was carried out in batch
mode upon stirring using PalmSens electrochemical interface (PalmSens BV, Houten, The
Netherlands) interfaced to an IBM PC. A total of 0.05 M of phosphate buffer containing
0.1 M of KCl with a pH of 6.0 was used as supporting electrolyte in all experiments. The
sensitivity was calculated as the tangent of initial response dependence on a concentration
of hydrogen peroxide in the cell. The inactivation constant was determined as the slope of
current decay in semi-logarithmic plots during long-term monitoring of 1 mM of H,O5.

Measurements of antioxidant activity were performed in stirred solutions of food
samples (5 mL) with an applied potential of 0 mV vs. Ag| AgCl. A neutral pH of 6.0 was
used as a compromise between physiological conditions (some physiological liquids, such
as sweat, even have pH 6-7) and conditions suitable for sensor operation (pH 1.0-6.0).
Once a stable baseline current was reached (within 5-10 min), an aliquot of H,O, solution
(2.5 x 1077 mol) was injected. After reaching the maximum response (within 10 s) the
kinetics of current decay was investigated. The concentration of hydrogen peroxide in
stock solutions was controlled using the optical density at 230 nm with an LKB-Ultraspec
UII spectrophotometer (Broma, Sweden).

3. Results
3.1. Analytical Performances of PB-NiHCF Nanoparticle-Based Sensors for Hydrogen Peroxide

The SEM image of the PB-NiHCF nanoparticle-modified electrodes (Figure Slc,
Supplementary Materials) demonstrates the complete coating, which consists of smaller
structure elements than PB film (Figure S1b, Supplementary Materials) on the carbon
electrode surface (Figure Sla, Supplementary Materials). The presence of ferric and nickel
hexacyanoferrates in the coating composition was confirmed by EDX spectrum (Figure S2,
Supplementary Materials). The charge transfer resistance of the PB-NiHCF nanoparti-
cle coating measured by electrochemical impedance spectroscopy was 5-10 Ohm-cm 2
(Figure S3, Supplementary Materials) which corresponds to the same parameter of the PB
nanoparticle coating [36].

The size distribution of the PB and PB-NiHCF nanoparticles was measured by the
dynamic light-scattering method (Figure S4, Supplementary Materials). The analytical
performances of nanoparticle-based hydrogen peroxide sensors strongly depend on their
size. The sensitivity of sensors modified with the same amount of PB was decreased
with increasing PB-NiHCF nanoparticle size (Figure S5, Supplementary Materials). The
dependence of the inactivation constant was more complicated with a maximum of 66
nm (Figure S5, Supplementary Materials). In the core-shell particles used, the PB core
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provides hydrogen peroxide reduction electrocatalysis, whereas NiHCFs’ role is protecting
PB through the solubilization under hydroxide anions—the main reason for nanoparticles’
instability. As the PB nanoparticles that are identical in size were used as a core, this
fact might be explained by the thicker nickel hexacyanoferrate shell formation, which
protects the PB core from destruction but hinders the transport of hydrogen peroxide
to the catalytically active core. For analytical applications, sensors with the maximum
sensitivity (S) and minimum inactivation constant (kj,) were used; therefore, the integral
parameter S-ki, ! containing both parameters was proposed. Figure 1 demonstrates the
integrated parameter dependence on nanoparticles’ size. Nanoparticles with an average
diameter of 43 nm were characterized by the optimum ratio of sensitivity to the inactivation
constant among all other PB-NiHCF nanoparticles. The integrated parameter for pure PB
nanoparticles is also shown on the graph for reference.
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Figure 1. Integrated parameter based on sensitivity and inactivation constant for sensors based on
PB-NiHCF nanoparticles with different sizes (O) and Prussian Blue nanoparticles (H).

The analytical performances of the resulting sensor in HyO, detection were: sensitivity
0.5-0.6 AM~! cm~2, detection limit 1.5 x 10~7 M and linear dynamic range 1-1000 uM. The
applicability of sensors based on PB-NiHCF nanoparticles for the continuous monitoring
of the hydrogen peroxide concentration was investigated under the same conditions as for
the measurement of antioxidant activity: phosphate-buffered solution pH 6.0, potential
0mV vs. Ag/AgCl, 0.05 mM HpO; under constant magnetic stirring.

Figure 2 demonstrates that sensors based on PB-NiHCF nanoparticles retain >95%
of the response for an hour, which is sufficient for further measurements. During the
same time period, sensors based on PB nanoparticles lost more than 50% of the initial
response. Simultaneously, stabilization had almost no effect on the value of the initial
response. Thus, the developed sensors based on PB-NiHCF nanoparticles are a simple
and efficient tool for monitoring hydrogen peroxide concentration. The main reason for
the instability of Prussian Blue nanoparticles is their solubilization as a result of hydrogen
peroxide reduction. In the absence of HyO, there is no response, and there is no possible
risk of harm to sensor sensitivity.
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Figure 2. Operational stability of sensors based on PB-NiHCF nanoparticles (43 nm) relative to
sensors based on Prussian Blue nanoparticles (37 nm) in the absence and presence of 0.05 mM of
H,0;, 0.1 M of KCl, 0.05 M of KH,PO,4/ K;HPO,, pH 6.0, 0.0 V vs. Agl AgCl.

3.2. Hydrogen Peroxide Scavenging Assay as a Tool for Total Antioxidant Activity Evaluation

The proposed new sensors based on PB-NiHCF nanoparticles were used to evaluate
the total antioxidant activity in fresh and conservated juices. Figure 3a shows the constant
decay of hydrogen peroxide concentration (proportional to cathodic current density) in
fresh orange juice solution after its injection, whereas in commercial orange juice, HyO,
concentration remained stable, indicating low antioxidant activity.
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Figure 3. (a) Amperometric signal of hydrogen peroxide sensor after HyO, injection in fresh orange juice (1) and orange
juice “Dobryi” (2); (b) Relative (to peak current) current decay in semi-logarithmic plots (b) (0.1 M of KCI, 0.05 M of
KH,PO,/ K,HPOy, pH 6.0, 0.0 V vs. Ag | AgCl).

The reaction of HyO, consumption in the presence of juice samples generally obeyed
a pseudo-first-order kinetics equation. Figure 3b shows the result of the data linearization
in semi-logarithmic plots demonstrating good agreement between the experimental data
and the calculated linearization curve. In the case of deviation from a straight line, an
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initial slope was considered. The kinetic constant k of hydrogen peroxide scavenging was
determined from the slopes in semi-logarithmic plots. A higher kinetic constant indicates a
more powerful antioxidant.

We investigated the possible interfering influence of system components on the sensor
response. For that purpose, in addition to the regular experiment (in which hydrogen
peroxide is added to the juice sample), we added H,O, to the buffer solution, and juice
sample was added 10 min after that (Figure 56, Supplementary Materials). In the absence
of hydrogen peroxide, the sensor signal was close to zero and did not change. The initial
point of the kinetic curve of hydrogen peroxide scavenging (after all reagents addition)
was the same for both experiments. In presence of only H,O,, the response was twice
higher because there was no two-fold dilution with juice sample. Thus, both the sensor
incubation in real samples and the presence of real samples in the system do not affect
sensor performances.

As a relative indicator of the total antioxidant activity of the samples Trolox, equiva-
lents were used. In this way, comparison of the results with data obtained by other methods
for assessing antioxidant activity becomes much easier, as the majority of them use trolox
equivalents.

For this purpose, calculations of kinetic constants were made for trolox solutions in
1-10 mM (Figure S7, Supplementary Materials). According to the measurement results, the
antioxidant activity of trolox was proportional to its concentration; the slope of the linear
dependence was 0.093 M~ 1.s71.

The results (in trolox equivalents) of TAA measurements in juices are shown in Table
1. For several juice samples, experiments were carried out using sensors modified with
films of stabilized Prussian Blue [31] as well as sensors modified with the PB-NiHCF
nanoparticles proposed in this work. Data comparison shows good agreement within the
obtained results despite the different sensor material used. Thus, the results do not depend
on the material of the hydrogen peroxide sensor used.

Table 1. Total antioxidant activity of juices.

Sample Ctroloxr MM
grapefruit, fresh (PB-NiHCF film) 13+1
grapefruit, fresh (PB-NiHCF nanoparticles) 1241
orange, fresh (PB-NiHCEF film) 13+2
orange, fresh (PB-NiHCF nanoparticles) 14£2
orange, “Ya” (PB-NiHCEF film) 29403
orange, “Ya” (PB-NiHCF nanoparticles) 32403
orange, “J7” 25+0.5
orange, “Bioitalia” 47 +0.3
orange, “Aushan” 4.33 £+ 0.06
orange, “Dobryi” <0.1
birch sap, “Vkusvill” 0.52 + 0.08
sea buckthorn, “Vkusvill” 09+05
carrot, “Bioitalia” 0.12 £ 0.01
apple, “Aushan” 09+03
black currant, “4 seasons” 24+08
cranberry, “4 seasons” <0.1
cranberry, “Absolute nature” <0.1

The total antioxidant activity was found to differ by two orders of magnitude for
different juice samples. Freshly squeezed grapefruit and orange juices were found to be
more powerful antioxidants than the commercially available juices, as evidenced by the
higher measured antioxidant activity. It appears that some antioxidants may be destroyed
during conservation. Orange juices from different manufacturers also displayed significant
differences in antioxidant activity; some of them even showed the absence of an ability to
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decompose hydrogen peroxide at all. The highest TAA was observed for citrus and black
currant juices. On the contrary, cranberry juice had minor activity in peroxide elimination.

Despite the diversity of methods for TAA evaluation impeded by comparisons with
other methods, we measured some of the samples with nonzero activity using an indepen-
dent method based on electrogenerated Br, as an oxidant. The total antioxidant activity of
juices can be presented as a row: birch sap (“Vkusvill”) < black currant juice (“4 seasons”)
< orange juice (“]7”) < orange juice (“Aushan”) and < orange juice (“Ya”), which is in
complete agreement with our data with Pearson’s correlation coefficient of 0.85. The an-
tioxidant activity of freshly squeezed fruit juices was lower compared to commercial ones
but in good agreement within the group (grapefruit TAA is 86% and 90% of orange TAA
using our assay and independent one correspondingly). This fact can be explained by the
presence of preservatives in commercial juices, which reduces agents, but not antioxidants,
and leads to an overestimation of the signal measured by an independent method using
the oxidizing agent—Bry.

Thus, the proposed method can be used for rapid TAA screening in food samples.

4. Conclusions

Cheap and express methods for the evaluation of antioxidant activity involve the use
of oxidants, which are consumed in course of reaction with food components. Among
possible oxidants, hydrogen peroxide is the most valuable. On the one hand, it is very
powerful; the potential of its reduction into water is almost equal to that one of superoxide
radical. However, in contrast to the latter, H,O, is stable, which significantly simplifies
the analytical procedure. On the other hand, unlike artificial oxidants, hydrogen peroxide
presents in biological systems, thus making evaluated antioxidant activity more reliable.

The simple, cheap and reproducible preparation method and advanced exploitation
characteristics turn the proposed sensor into an efficient tool for monitoring hydrogen
peroxide scavenging. The simplicity and meaningfulness of the analytical procedure
together with the usable sensor fabrication technique would obviously ensure a broad use
of the developed approach in the evaluation of antioxidant activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors9120344 /s1, Figure S1: SEM images of (a) bare carbon screen-printed electrode
(SPE), (b) Prussian Blue film on SPE, (c) PB-NiHCF nanoparticles on SPE. The scalebar is 100 nm,
Figure S2: Energy dispersive X-ray (EDX) spectra of a PB-NiHCF nanoparticle-modified carbon
screen-printed electrode, Figure S3: Impedance spectra in Niquist’s plots of PB-NiHCF nanoparticles
modified electrodes; 0.1 M of KCl in 0.1 M of HCI, AE = 5 mV, Epc = 120 mV vs. AglAgCl
(Prussian Blue | Prussian White redox potential). Solid lines represent fitting to the equivalent
circuit shown in the inset, Figure S4: Dynamic light-scattering fit for the log-normal distribution for
Prussian Blue (—-) and PB-NiHCEF (- -) nanoparticles, Figure S5: Sensitivities (M, %) and inactivation
constants (O,%) for sensors based on PB-NiHCF nanoparticles and Prussian Blue nanoparticles,
respectively (0.5 mM of HyO,, 0.1 M of KCl, 0.05 M of KH,PO,/ K;HPOy, pH 6.0, 0.0 V vs. Ag | AgCl),
FigureS6: Amperometric signal of hydrogen peroxide sensor after HyO, injection in phosphate-
buffered solution with consequent addition of fresh grapefruit juice (1) and after H,O, injection in
fresh grapefruit juice (2) (0.1 M of KCl, 0.05 M of KH,PO4/K,HPOy, pH 6.0, 0.0 V vs. AglAgCl),
Figure S7: Dependence of antioxidant activity on trolox concentration (0.1 M of KCl, 0.05 M of
KH,PO4/ KoHPOy, pH 6.0, 0.0 V vs. Agl AgCl).
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