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Abstract: Currently, there is growing interest in screening and quantifying antioxidants from bi-
ological samples in the quest for natural and effective antioxidants to combat free radical-related
pathological complications. Antioxidants play an important role in human health and provide a
defense against many diseases. Due to the valuable dietary role of these compounds, the analysis and
determination of their amount in food is of particular importance. In recent years, many attempts
have been made to provide simple, fast, and economical analytical approaches for the on-site detec-
tion and determination of antioxidant activity in food antioxidants. In this regard, electrochemical
sensors and biosensors are considered promising tools for antioxidant research due to their high
sensitivity, fast response time, and ease of miniaturization; thus, they are used in a variety of fields,
including food analysis, drug screening, and toxicity research. Herein, we review the recent advances
in sensors and biosensors for the detection of antioxidants, underlying principles, and emphasiz-
ing advantages, along with limitations regarding the ability to discriminate between the specific
antioxidant or quantifying total antioxidant content. In this work, both direct and indirect methods
for antioxidants detecting with electrochemical sensors and biosensors are analyzed in detail. This
review aims to prove how electrochemical sensors and biosensors represent reliable alternatives to
conventional methods for antioxidant analysis.

Keywords: antioxidant activity; sensors; biosensors; enzymes; DNA

1. Introduction

During the last decades, the use of antioxidants has increased considerably in food
industry. The majority of biochemical reactions ensure that life is associated with the
production of free radicals which, in turn, favor oxidative stress and contribute to body
deterioration. The complex biochemical pathways in the human body are responsible
for countering oxidative stress through ensuring an adequate level of balance between
prooxidants (free radicals) and antioxidants. The epidemiological data have indicated a
inversed correlation between the intake of fruits and vegetables, which are naturally rich
in antioxidants, and the incidence of certain diseases (cardiovascular disorders, metabolic
illnesses, and cancer) [1].

The recent progress in medicine and in nutrition change the traditional approach to
medical care into personalized medicine, which prioritizes the prevention of diseases and
raises health awareness, mainly through lifestyle changes and approaches based on diet
and nutrition [2]. In this context, the antioxidants from plants, such as flavonoids, vitamins,
hormones, phenolic acids, and esters, are considered bioactive dietary compounds which
can reduce oxidative stress, and have been associated with multiple health benefits [3].
Antioxidants play an important role in maintaining an optimum equilibrium in the human
body [4], and the analysis of these compounds or of the antioxidant activity of various foods
and beverages has determined the full ascension of this research topic [5]. Antioxidant
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activity and antioxidant capacity are terms which are frequently used alternatively, but the
fact that they have different meanings needs to be emphasized. Antioxidant activity refers
to the speed constant of the reaction between a certain antioxidant and a specific oxidant,
while antioxidant capacity is a measure of the quantity (expressed in moles) of a certain
type of free radical measured by a sample. The measurements of antioxidant capacity
determine the quantity of a heterogeneous mix of antioxidants which react together to
produce the total or the net capacity to neutralize a particular sample [6].

Antioxidants are molecules capable of inhibiting the oxidation of other molecules.
From a nutritional point of view, an antioxidant is defined as any compound which, when
present in low concentrations as compared to those of an oxidable substrate, significantly
delays or inhibits the oxidation of that substrate [7].

Antioxidants may be classified in various ways. Based on their activity, they are
grouped into two categories: enzymatic (for example catalase (CAT), superoxide dis-
mutase (SOD), glutathione peroxidase (GSHPx), glutathione reductase (GRD), etc.) and
non-enzymatic (for example selenium, coenzyme Q10, vitamin C, vitamin E, etc.) [8]. En-
zymatic antioxidants function through decomposition and scavenging free radicals, and
non-enzymatic ones operate through interrupting the chain reaction of free radicals [9].

Depending on their solubility, antioxidants may be classified by their solubility in
water and solubility in lipids [10]. The antioxidants which are soluble in water (vitamin
C, for instance) are present in cellular fluids, such as cytosol or the cytoplasmatic matrix.
The antioxidants which are soluble in lipids (vitamin E, carotenoids, and lipoic acid, for
instance) are predominantly located in cellular membranes [11].

The classification of antioxidants, together with the most representative examples of
compounds in each class, is presented in Figure 1.
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Antioxidant molecules can deactivate radicals through two major mechanisms: hy-
drogen atom transfer (HAT) and single electron transfer (SET) [12], producing the same
final results, regardless of the mechanism. These two mechanisms almost always appear
together in all samples, and the balance is determined by the pH and the antioxidant
structure. The methods based on HAT measure the classical capacity of an antioxidant
to neutralize free radicals through hydrogen donation (AH = H donor), according to the
following equation:

X• + AH→ XH + A•

The methods based on SET detect the capacity of a potential antioxidant to transfer an
electron, resulting in AH•+, and also to reduce any compound, followed by deprotonation
in solution to form the corresponding, very stable A• radical, as shown in the following
two equations:

X• + AH → X− + AH•+

AH•+ + H2O ↔ A• + H3O+

Traditionally, the antioxidant activity can be measured using instrumental meth-
ods, such as gas chromatography (GC) [13,14], liquid chromatography (LC) [15–18], and
colorimetry [19–21]. Although GC and LC are efficient techniques for separating and
identifying antioxidants in complex samples, they require time, are costly, and need
specialized personnel to operate. Colorimetry is an analytical technique used more fre-
quently because it is easier to carry out, the costs are lower, and the time required by the
analysis is shorter. These tests include the oxygen radical absorption capacity (ORAC)
test [22,23], the total radical trapping antioxidant parameter (TRAP) test [24], the fer-
ric reducing antioxidant power (FRAP) test [25–28], the cupric reducing antioxidant ca-
pacity (CUPRAC) assay [29–31], the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) radical cation-based assay [32–34], and the DPPH (2,2-diphenyl-1-picrylhydrazyl)
test [35–38]. The total content of phenolic compounds can be measured through the Folin-
Ciocalteu (FC) test, which also reflects the antioxidant activity of the samples [39–42].

Although simpler than GC and LC, the colorimetric methods require a larger quantity
of samples and reagents, are time-consuming manual processes, and, therefore, are not
suitable for the rapid screening of the antioxidant activity. For instance, in the case of
the ABTS test, one of the most important drawbacks is the time of reaction between
ABTS•+ and the antioxidants. Some antioxidants react completely and almost instantly,
while others react slowly or through a mixture of rapid and slow reactions; thus, different
measurements are obtained, depending on the determination moment [43]. Hence, the
reaction time necessary for the ABTS test should be taken into consideration on determining
the antioxidant activity [44]. In the case of the DPPH test, the DPPH radical tends to react
with other radicals which are present in the testing samples [45] and also the DPPH
absorbance tends to decrease at light exposure, which requires an analysis in the dark [46].
The CUPRAC method cannot measure the antioxidant [47], and requires a longer time
for measurement [48] and, sometimes, incubation at 50 ◦C in a water bath for 20 min for
colored compounds [49].

In resolving these disadvantages and limitations of the colorimetric methods, the
electroanalytical techniques based on sensors and biosensors have attracted attention,
proving to be more rapid (real-time analysis), more sensitive, and more specific in relation
to the compounds analyzed [50]. Sensors and biosensors have a series of advantages,
including low cost, flexibility, portability, ease of use, possibility of remote use, rapid
analysis time, reproducibility, long-term stability, a minimum need for pre-treatment of the
sample, and possibility of miniaturization [51–54].

Researchers have reported various studies on determining the antioxidant activity
through electrochemical sensors and biosensors, including comprehensive reviews [55–61].
This study presents recently published research on sensors and biosensors in view of
recognizing and quantifying antioxidants in foods. It also brings together issues related to
the advantages and disadvantages of these devices used for assessing antioxidant activity, as
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well as methods of correlation between (bio)sensor responses and the antioxidant character
of compounds.

The review is organized in three sections. In the first part, we discuss the electrochem-
ical sensors used in determining antioxidant activity and, in the second part, we discuss
electrochemical biosensors for antioxidant activity determination, including enzymatic
biosensors and also DNA-based biosensors. The third section describes the methods of
correlation between (bio)sensors responses and the antioxidant character of the compounds.

2. Electrochemical Sensors for Determining Antioxidant Activity

Developing new sensors for the food sector is one of the essential areas in nanobiology
and nanomaterials science. Special attention has been paid to the methods with high sensi-
tivity, rapidity, low sample quantity required, as well as simple and economic instruments,
in view of rationalizing the use of research resources [62]. Electrochemical sensors for the
determination of antioxidants were developed using various types of electrodes, transduc-
ers, and receptors. In some cases, nanomaterials were integrated so as to obtain improved
performances, thus increasing their sensitivity, stability, and selectivity [63]. The emergence
and application of nanomaterials as an integral part of sensors had a visible impact on
research. Nanomaterials are characterized by certain special thermic, mechanic, optic,
electric, and magnetic properties, which depend on size and can be calibrated by the simple
adjustment of shape, size, and degree of agglomeration [64]. These properties themselves
and the effect of size are essential, which is manifested by the increase in electrochemical
activity compared to that of the corresponding raw material [65].

In recent years, various analytical methods based on nanomaterials (including gold [66–68],
silver [69–72], cerium oxide (CeO2) [73,74], nanoparticles, as well as the combination of
CuO and ZnO, which can improve catalytic performances [75]) have been proposed to
determine the antioxidant activity. The special properties of nanoparticles offer good
perspectives for creating new efficient catalysts, sensor type devices, and medical systems,
which have an increased biological activity and targeted delivery. When new functional
materials based on nanostructures are developed, the results of the experimental studies
on the effects of size and the related theoretical concepts proposed help to anticipate
the properties of the newly created material. Knowing the kinetic and thermodynamic
properties of nanoparticles themselves, and the processes which take place on their surface,
may lead to the selection of better conditions for more efficient and more stable properties
of electrochemical sensors [76].

The specialized literature presents the benefits of electrochemical methods in terms of
sensitivity and resolution for determining the antioxidant activity with the application of
nanostructured transducers [77–80]. Modifying the surface of the electrode with nanoparti-
cles can reduce the oxidation overpotential of the antioxidant and can increase the peaks of
their oxidation currents, leading to a significantly improved sensitivity and selectivity of
the determination [81].

Electrochemical methods were used, with consideration of their advantages in relation
to the possibility of rapidly proving the antioxidant activity of numerous organic com-
pounds. The oxidation potentials, measured through cyclic voltammetry (CV), were used
to compare the antioxidant power of various compounds, such as phenols, flavonoids,
cinnamic acids, and tannins, frequently using a glassy carbon electrode (GCE) [82].

In this regard, the electrochemical behavior and the antioxidant efficacy of ascorbic
acid, caffeic acid, quercetin, catechin, hesperidin, as well as binary equimolar mixtures,
were evaluated using CV, in view of determining a prooxidant potential or a synergic
behavior of antioxidant mixtures. An important synergic oxidation was noticed between
quercetin and catechin. From among all the compounds and mixtures tested, the caffeic
acid–ascorbic acid mixture showed the highest antioxidant tendency [83].

To determine the antioxidant activity of oenological tannins, Ricci et al., used two
methods, namely the DPPH spectrophotometric method and the electrochemical method
based on CV, and the obtained results obtained were compared thereafter. The CV mea-
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surements proved to be well correlated with the DPPH values due to the similarity of the
chemical mechanisms which form the basis of both methods involving phenolic compounds
as reducing agents. Moreover, the considerations on the extract composition can be derived
from the voltametric profiles [84].

Photinon et al., reported the determination of polyphenols and their antioxidant
activity in white wine, using an electrochemical sensor with a thick film, with an iridium–
carbon working electrode. Caffeic acid was used as a model compound, since it has the
capacity to produce the highest oxidation current. The correlation coefficient of 0.9975 was
obtained between the sensor’s response and the caffeic acid content. The total content of
phenolic compounds and the capacity to scavenge the DPPH radical were also correlated to
the caffeic acid concentration, with a correlation coefficient of 0.9823 and 0.9958, respectively.
The sensor prototype proved to be a simple, efficient, and cost-effective device to evaluate
the antioxidant activity of polyphenolic compounds [85].

Flavonoids have also been studied for their antioxidant activity, both through classical
methods and through electrochemical methods. Thus, in a study carried out by Firuzi
et al., the antioxidant properties of various flavonoids in various subclasses (flavones, i.e.,
apigenin, baicalein, and chrysin; flavonols, i.e., fisetin, galangin, kaempferol, myricetin,
quercetin, and rutin; flavanones, i.e., hesperetin, naringenin, and taxifolin; flavanols, i.e.,
catechin; and isoflavones, i.e., daidzein and genistein) were determined using an FRAP
assay and their oxidation potential was determined through CV. A good correlation was
noticed between the FRAP test and the electrochemical results. Most of the flavonoids
tested in this study proved to be more active compared to known antioxidants, such as
resveratrol, Trolox, and uric acid [86].

G.K. Ziyatdinova et al., carried out a study which aimed to evaluate the antioxidant
properties of spices through CV. The individual antioxidants of spices (gallic acid, ros-
marinic acid, capsaicin, thymol, and eugenol) are irreversibly oxidized between 0.88 and
1.25 V on the surface of a GCE in LiClO4 0.1 M solution in ethanol. The detection limits and
the quantification limits varied between 0.57 and 12 and between 1.8 and 40 µM, respec-
tively. On the cyclic voltammograms of the spice methanolic extracts, distinct oxidation
stages and peaks were noticed, and the potentials and areas of these peaks depended on the
type of spice. The total surface of the oxidation stages was selected as a parameter which
characterizes the antioxidant properties. The antioxidant activity of spices was expressed
as a weight of gallic acid, in milligrams, corresponding to one gram of a dry spice. A good
correlation was noticed between the antioxidant activity obtained through voltammetry
and the FRAP test, the antiradical activity, and the total content of phenolic compounds.
All the while, correlation coefficients varied between 0.8886 and 0.9615 [87].

Another study demonstrated the possibility of using square-wave voltammetry (SWV)
and other electrochemical methods with screen-printed carbon electrodes for the quantifi-
cation and evaluation of antioxidant activity, and of the quantity of specific antioxidants,
mainly polyphenols, in certain fruit juices. Freshly squeezed cranberry and strawberry
juices, from various types and maturation stages, were chosen depending on the known
differences in their antioxidant profile. As a result of the increase in the potential applied
(0–1.0 V vs. Ag/AgCl), the electroactive compounds present in the juices were oxidated,
leading to a voltammetric profile which is characteristic for each of the samples analyzed.
In general, the cranberry juice had higher oxidation peaks at lower potentials (<400 mV),
indicating antioxidant activity. The relation between the cumulative responses of the
sensor led to different applied potentials, and the total or individual antioxidants was
evaluated, as determined through conventional spectrophotometric methods (FRAP, Folin-
Ciocalteu) and HPLC, respectively, in the context of developing a rapid sensor to determine
antioxidants [88].

Petković et al., used the differential pulse voltammetry (DPV) method to determine
the gallic acid, using an electrochemical sensor based on immobilizing the binuclear copper
(II) octa azamacrocyclic [Cu2tpmc](ClO4)4 complex in a PVC matrix and coated on graphite
(CGE) or a carbon fiber tube (CGCE). The method proposed is based on the antioxidation
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process of gallic acid at the [Cu2tpmcGA]3+ complex on the surface of the electrode. The
voltammograms, used as a supporting electrolyte, recorded a HNO3 solution of pH = 2.0,
measured in the concentration range of 2.5 × 10−7 and 1.0 × 10−4 M gallic acid, which
indicated two linear calibration curves (for the higher concentration range and the lower
gallic acid one). The detection limit for CGE was 1.48 × 10−7 M and 4.6 × 10−6 M,
respectively, for CGCE. The practical utility of CGE was demonstrated through estimating
the antioxidant activity, expressed in gallic acid equivalents, in white, rosé, and red wine
samples, using an extremely simple procedure, without any sample pre-treatment [89].

Gualandi et al., developed a new chemically modified electrode (CME) used to deter-
mine the antioxidant activity of some compounds, usually considered antioxidants, and
of some fruit juices. The aim of the study was also to determine a correlation between the
data obtained by the new sensor and those resulting from applying the ORAC, DPPH, and
ABTS methods to the same samples. The best correlation was obtained with the ORAC
values [90].

A direct determination of gallic acid was achieved with a carbon paste electrode
modified with carbon nanotubes using DPV. The values obtained for gallic acid were used
to estimate the antioxidant properties of some wine samples, based on gallic acid oxidation.
In optimized experimental conditions, the calibration curve for gallic acid was linear in
the concentration range from 5.0 × 10−7 to 1.5 × 10−5 mol·L−1, with a detection limit of
3.0 × 10−7 mol·L−1. The modified electrode obtained was successfully used to determine
the antioxidant activity for the red and white wine samples, without the interference of
glucose or ascorbic acid, and the results obtained were better as compared to those obtained
through the standard spectrophotometric method in terms of selectivity, sensitivity, and
quantity of waste produced [91].

Through the exploitation of the catalytic properties of gold nanoparticles, a specific
and sensitive electrochemical sensor was developed, and the working parameters were
optimized for screening the relative antioxidant capacity (RAC) of hydrosoluble plant
extracts. Electrochemical determination methods (CV and amperometry) were used to
characterize various sensors based on nanoparticles, determining the best performance,
with a value of 98%, for lavender extracts.

The detection principle is based on the antioxidant neutralizing effect for the am-
perometric detection of H2O2, where a decrease in the electrochemical signal suggests
an increase in the antioxidant activity. The results obtained were expressed in terms of
ascorbic acid equivalents and Trolox equivalents in order to correlate these results with
classical methods, such as chemiluminescence and UV–vis spectrophotometry. Further-
more, a correlation coefficient of 0.907 is obtained, suggesting a good correlation between
electrochemical methods and spectrophotometric ones [92].

Recently, a method of obtaining a new sensor (G/PTH/N-GPH/GCE) through mod-
ifying a GCE with nitrogen-doped graphene (N-GPH), guanine (G), and polythionine
(PTH) was described. This method had applicability in evaluating the antioxidant activity
of natural and complex compounds, through the electrochemical method. The effects of
pH, incubation time, guanine, and Fe2+ ion concentrations on the performances of the
modified electrode were investigated and optimized. For this purpose, the effect of Fe2+

concentration on the oxidation peak current of the modified electrode was investigated
following the dependency of the peak current on the Fe2+ concentration. It was found
that the peak currents decreased with increasing of Fe2+ concentration to a maximum
concentration of Fe2+, for which a small change in peak currents was observed. Hence,
that value of the concentration was chosen as the optimum Fe2+ concentration for this
study. Upon evaluating the antioxidant activity of ascorbic acid in optimum conditions,
G/PTH/N-GPH/GCE showed good linearity, reproducibility, and stability. The antioxi-
dant activity of three flavonoids and three plant extracts was determined using the new
electrode obtained and the DPPH method. The highest value of the antioxidant activity
was obtained for myricetin, through both methods. G/PTH/N-GPH/GCE had a series of
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advantages, including an easy fabrication procedure, a rapid detection time, and a low cost
of determining the antioxidant activity of various sample types [93].

A novel, economic, and highly sensitive electrochemical sensor for the determination
of trans-resveratrol (RES) was fabricated by electropolymerization of poly(L-lysine) films
onto glassy carbon electrode (GCE) surfaces. Results showed that the detection range of
the proposed sensor to RES was from 0.20 µM to 12.0 µM, with a minimum detectable
concentration of 0.06 µM. The reported electrochemical sensor also exhibited high selectivity,
good reproducibility, and long-term stability for RES detection [94].

Another study carried by Banica et al., was aimed to determine the total polyphenolic
content and the antioxidant activity of commercial food supplements containing extracts of
Echinacea purpurea, through DPV, using both an unmodified GCE and two GCE modified
with carbon nanotubes (CNTs). A good correlation between the antioxidant activity and
the total phenolic content was achieved, demonstrating the importance of polyphenolic
compounds that contributed to the antioxidant activity of Echinacea extracts, but also to the
total antioxidant effect [95].

The antioxidant activity, total phenolic compounds, and β-carotene content of orange-
fleshed fruits and vegetables, including carrots, persimmons, and pumpkins, were evalu-
ated by standard and electrochemical methods. The antioxidant activity was evaluated by
the ABTS and DPPH measurements and the total phenolic compounds was determined
spectrophotometrically. Electrochemical measurements were performed with differential
pulse voltammetry at a sensor formed by attaching single-walled carbon nanotubes onto
the glassy carbon electrode surface. Regression analysis was performed to correlate the
results of the spectrophotometric assays with those obtained by electrochemical methods,
with satisfactory results [96].

Platinum nanoparticles are also included in the category of nanomaterials, which
were used to determine antioxidants in foods. In this regard, Romero et al., evaluated
the antioxidant activity of tea extracts using DPPH, CUPRAC, and two electrochemical
approaches, revealing that radicals were generated from hydrogen peroxide, using a
mercury electrode and GCE protected with platinum nanoparticles and poly-neutral red
(PNR-Pt). The LOD value obtained for this method was 17.2 µg·g−1. There were good
correlations between the antioxidant capacities measured through the two electrochemical
techniques, and between these techniques and CUPRAC, but the DPPH radical scavenging
test measured the antioxidant activity differently than the rest of the methods. Therefore,
the total content of antioxidants for an extract is not linked to its antioxidant activity since
the distinct components of extracts may have very different antioxidant capacities [97].

Table 1 lists several examples of sensor-based electrochemical methods for the deter-
mination of antioxidants.

Table 1. Several examples of electrochemical assays based on sensors for the determination of
antioxidants in food samples.

Nanomaterial
(Sensor) Antioxidants Method Linear Range

(µM)
Limit of

Detection (µM) Real Sample Ref.

GCE

Gallic acid
Rosmarinic acid

Capsaicin
Thymol
Eugenol

CV

19.8–1000
49.5–495

52.9–1060
60–200

3.74–1870

0.57–12
1.8–40 Spices [87]

Graphite modified
with

[Cu2tpmc](ClO4)4
immobilized in PVC matrix

Gallic acid DPV 2.5 × 10−1–100 1.48 × 10−1

4.6
Wine samples [89]
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Table 1. Cont.

Nanomaterial
(Sensor) Antioxidants Method Linear Range

(µM)
Limit of

Detection (µM) Real Sample Ref.

Carbon paste electrode
modified with carbon

nanotubes
Gallic acid DPV 5.0 × 10−1–

15 3.0 × 10−1 Red and white
wine [91]

G/PTH/N-GPH/GCE

Myricetin
Kaempferol

Galangin
Ascorbic acid

SWV 2.8–17 1.19 Fruit juices and
plant extracts [93]

SWV (square-wave voltammetry); [Cu2tpmc](ClO4)4 (dinuclear copper(II) octaazamacrocyclic N,N’,N”,N”’-
tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane complex); PVC (Poly(vinyl chloride)); AuNP (gold
nanoparticles); G/PTH/N-GPH/GCE (electrochemical sensor based on guanine-, polythionine-, and nitrogen-
doped graphene-modified glassy carbon electrode).

Advantages and Disadvantages of Electrochemical Sensors

Developing new sensors with applicability in the food sector and/or the pharmaceuti-
cal sector is one of the essential areas for nanotechnology and materials science. Special
attention has been given to simple, rapid methods with high sensitivity, though only a small
quantity of samples was necessary for analysis, with the aim of rationalizing the use of re-
search resources [62]. In this regard, nanomaterials were used to develop numerous sensors
and detection methods. Nanomaterials are used as catalytic instruments to improve the
performances of detection, highlighting their high sensitivity, selectivity, and stability [98].
By contrast with the conventional tests for the detection of antioxidant activity, electrochem-
ical sensors have a series of advantages, such as portability, low cost, ease of use, rapid
responses, high sensitivity, long-term stability, reproducibility, uncomplicated specialized
equipment, and the expandability of pre-treating samples for analysis [99,100]. Although
nanomaterial-based electrochemical sensors have improved the analysis sensitivity, they
can respond to a wide range of compounds. Therefore, in most cases, they are unable to
discriminate between responses of compounds with similar electroactive functional groups
in their structures, especially in case of biological samples, which have very complex nature,
due to their wide range of organic and inorganic compounds [101].

3. Electrochemical Biosensors for Determining Antioxidant Activity

The importance and necessity of using biosensors is constantly growing, since the
integration of innovative materials can improve their performance, in terms of sensitivity
and specificity. The sensitivity of a biosensor depends on the type of transducer (elec-
trochemical or optical) and on the technique used to immobilize or functionalize various
nanomaterials or polymers which amplify the output signal. Selectivity and specificity
depend on the choice of the materials used and on the specific recognition elements, such
as enzymes or DNA [102]. Biological recognition elements, such as enzymes, aptamers,
DNA/RNA, and cells (bacteria, plant cells), are the key components of electrochemical
biosensors [103].

Monitoring antioxidant activity through electrochemical biosensors, based on the
redox principle, has many advantages compared to the conventional chemical methods
and is commonly used for the initial screening of antioxidants. This technology does not
require chemical reagents or sophisticated solvents, nor does it require special treatment of
samples. It offers extended and reproducible information about electrodynamic processes
and ensures a rapid achievement of determinations [104].

3.1. Enzymatic Biosensors

Enzyme-based electrochemical biosensors use enzymes as a biorecognition element
and the sample analysis is based on the inhibition of enzymatic activity. After the enzyme
is exposed to a certain inhibitor for a certain period of time, quantitative and qualitative
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analyses of the analytes are performed by determining the correlation between the enzyme
inhibition rate and that of the inhibitor concentration [105].

The schematic representation of preparing a biosensor using enzymes and the detec-
tion mechanism is presented in Figure 2.

Antioxidants 2022, 11, x FOR PEER REVIEW 9 of 30 
 

3.1. Enzymatic Biosensors 
Enzyme-based electrochemical biosensors use enzymes as a biorecognition element 

and the sample analysis is based on the inhibition of enzymatic activity. After the enzyme 
is exposed to a certain inhibitor for a certain period of time, quantitative and qualitative 
analyses of the analytes are performed by determining the correlation between the en-
zyme inhibition rate and that of the inhibitor concentration [105]. 

The schematic representation of preparing a biosensor using enzymes and the detec-
tion mechanism is presented in Figure 2. 

 
Figure 2. The schematic representation of developing a modified electrode based on enzymes. Pub-
lished from [102] with the permission of the publisher. 

Enzyme-based biosensors have several advantages related to the nature of the en-
zyme. They are highly selective for a particular substrate and, for a large number of sub-
strate molecules, reactions can be catalyzed by a single enzyme molecule, resulting in an 
amplification of the effect and an increase in sensitivity [106]. The enzymes commonly 
used in developing biosensors belong to the oxidoreductase, hydrolase, or lyase catego-
ries. At present, a variety of proteases are used to determine antioxidants and to evaluate 
their activity through biochemical oxidation, followed by electrochemical reduction [107]. 
Tyrosinase [108], laccase [109], peroxidase [110], and other proteases with simple or com-
plex enzymatic bindings [111] are among them. The electric coupling of oxidoreductase 
and the electrochemical transducer have excellent characteristics, and monitoring is 
achieved through controlling the enzyme reaction in real time [106]. Specific enzymes can 
be used efficiently for the selective identification of important target compounds in food 
quality control. Laccase and tyrosinase are the two enzymes which are most frequently 
used to monitor antioxidants, especially phenolic compounds [112]. 

3.1.1. Electrochemical Biosensors Based on Tyrosinase 
Tyrosinase is an enzyme which has two characteristic catalytic sites: one for phenol 

hydroxylation (cresolasic activity) and one for diphenol oxidation, up to quinone (cate-
cholasic activity). Furthermore, both sites are active in the presence of molecular oxygen 
(Figure 3). Tyrosinase is a metalloenzyme which has two copper ions at the level of the 
active enzymatic site, each coordinated through three histidine residues in the enzymatic 
polypeptide chain (Figure 4) [113]. The oxidoreductase action of tyrosinase is ensured by 
the reversible transfer of electrons through copper ions (Cuା ↔  Cuଶା) [108]. Tyrosinase 
was immobilized on various electrodes, as well as in combination with a variety of nano-
materials, in order to develop electrochemical biosensors for the analysis of antioxidant 

Figure 2. The schematic representation of developing a modified electrode based on enzymes.
Published from [102] with the permission of the publisher.

Enzyme-based biosensors have several advantages related to the nature of the enzyme.
They are highly selective for a particular substrate and, for a large number of substrate
molecules, reactions can be catalyzed by a single enzyme molecule, resulting in an am-
plification of the effect and an increase in sensitivity [106]. The enzymes commonly used
in developing biosensors belong to the oxidoreductase, hydrolase, or lyase categories. At
present, a variety of proteases are used to determine antioxidants and to evaluate their
activity through biochemical oxidation, followed by electrochemical reduction [107]. Ty-
rosinase [108], laccase [109], peroxidase [110], and other proteases with simple or complex
enzymatic bindings [111] are among them. The electric coupling of oxidoreductase and
the electrochemical transducer have excellent characteristics, and monitoring is achieved
through controlling the enzyme reaction in real time [106]. Specific enzymes can be used
efficiently for the selective identification of important target compounds in food quality
control. Laccase and tyrosinase are the two enzymes which are most frequently used to
monitor antioxidants, especially phenolic compounds [112].

3.1.1. Electrochemical Biosensors Based on Tyrosinase

Tyrosinase is an enzyme which has two characteristic catalytic sites: one for phenol
hydroxylation (cresolasic activity) and one for diphenol oxidation, up to quinone (cate-
cholasic activity). Furthermore, both sites are active in the presence of molecular oxygen
(Figure 3). Tyrosinase is a metalloenzyme which has two copper ions at the level of the
active enzymatic site, each coordinated through three histidine residues in the enzymatic
polypeptide chain (Figure 4) [113]. The oxidoreductase action of tyrosinase is ensured by
the reversible transfer of electrons through copper ions (Cu+ ↔ Cu2+ ) [108]. Tyrosinase
was immobilized on various electrodes, as well as in combination with a variety of nano-
materials, in order to develop electrochemical biosensors for the analysis of antioxidant
activity. Various types of nanomaterials such as metallic nanoparticles and metal oxide
nanoparticles (gold, silver, and platinum), as well as carbon structures (graphene and car-
bon nanotubes), were used to increase the electrochemical performances of the biosensors
based on tyrosinase [114].
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The tyrosinase enzyme is most frequently used for achieving biosensors to determine
phenols in food samples.

Rodríguez-Sevilla et al., described a simple construction of a biosensor. They immo-
bilized tyrosinase (Tyr) from mushrooms on screen-printed electrodes (SPEs) using three
different techniques: capturing with polyvinyl acid (PVA) soluble in water and crosslinking
with glutaraldehyde (GA), in the absence and in the presence of human serum albumin
(HAS). The electrodes obtained were the following: SPE/Tyr/PVA, SPE/Tyr/GA, and
SPE/Tyr/HSA/GA. All the configurations of biosensors in the presence of catechol were
tested through amperometry and electrochemical impedance spectroscopy (EIS) techniques.
It was noticed that the best performances were obtained for SPE/Tyr/GA, with a sensitivity
of 26 ± 4 nA·µM−1. Finally, the biosensor was used to quantify the antioxidant activity,
under the form of Trolox equivalents, in medicinal plant samples [115].

Another study described an amperometric biosensor for determining hydroquinone
and other phenolic antioxidants, based on the carbon paste electrode on which tyrosinase
is immobilized in a Nafion film. The tyrosinase in mushrooms was used to catalyze
the oxidation of p-hydroquinone, whereby satisfactory values of LOD, i.e., 1.6 µM, were
obtained. For the interference study, ascorbic acid was used as an interference because this
compound can reduce quinone generated by enzymatic reaction in higher concentrations.
It has been observed that increasing the ascorbic acid to hydroquinone ratio results in a
linear decrease in the current response of up to 80%. Hence, it could be concluded that in
samples analyzed with the tyrosinase-modified CPE, the ascorbic acid to hydroquinone
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molar concentration ratio should not exceed 1. For the experiments connected to substrate
specificity, catechol, resorcinol, phenol, and Trolox were used, and the authors concluded
that Tyr predominantly catalyzes the oxidation of polyphenols which have the hydroxyl
cluster in ortho position. The compounds with the cluster in a meta or para position require
a longer oxidation time, thus allowing the use of the biosensor to determine the total
antioxidant capacities in wine samples [116].

Sỳs et al., described the use of an amperometric biosensor based on a carbon paste
electrode coated with a thin layer of carbon nanotubes and a Nafion film containing
the tyrosinase enzyme to directly determine the antioxidant activity expressed in Trolox
equivalents (TEAC) in selected samples of Moravian wines. The results obtained were
compared to the DPPH spectrophotometric method. Although the two methods are based
on different principles, their results were comparable, with a correlation coefficient of
0.9752 [117].

Moreover, TEAC was determined for various berries, using a carbon paste electrode
with multi-walled carbon nanotubes, coated with a layer of Nafion and containing the
tyrosinase enzyme. The electrochemical behavior of the biosensor and the influence of multi-
walled carbon nanotubes were studied in relation to the sensitive amperometric detection
of the total content of phenolic compounds in berries, expressed as Trolox equivalents.
After the optimization of the electrolytic parameters, the biosensor was used to determine
TEAC in blackberries, blueberries, raspberries, and strawberries by the method of multiple
standard additions. It was noticed that the electrochemical TEAC assays corresponded
well with results obtained by the DPPH assay.

Figure 5 shows the principle of the reactions involved in determining TEAC with the
aid of the biosensor.

Antioxidants 2022, 11, x FOR PEER REVIEW 11 of 30 
 

is immobilized in a Nafion film. The tyrosinase in mushrooms was used to catalyze the 
oxidation of p-hydroquinone, whereby satisfactory values of LOD, i.e., 1.6 µM, were ob-
tained. For the interference study, ascorbic acid was used as an interference because this 
compound can reduce quinone generated by enzymatic reaction in higher concentrations. 
It has been observed that increasing the ascorbic acid to hydroquinone ratio results in a 
linear decrease in the current response of up to 80%. Hence, it could be concluded that in 
samples analyzed with the tyrosinase-modified CPE, the ascorbic acid to hydroquinone 
molar concentration ratio should not exceed 1. For the experiments connected to substrate 
specificity, catechol, resorcinol, phenol, and Trolox were used, and the authors concluded 
that Tyr predominantly catalyzes the oxidation of polyphenols which have the hydroxyl 
cluster in ortho position. The compounds with the cluster in a meta or para position re-
quire a longer oxidation time, thus allowing the use of the biosensor to determine the total 
antioxidant capacities in wine samples [116]. 

Sỳs et al., described the use of an amperometric biosensor based on a carbon paste 
electrode coated with a thin layer of carbon nanotubes and a Nafion film containing the 
tyrosinase enzyme to directly determine the antioxidant activity expressed in Trolox 
equivalents (TEAC) in selected samples of Moravian wines. The results obtained were 
compared to the DPPH spectrophotometric method. Although the two methods are based 
on different principles, their results were comparable, with a correlation coefficient of 
0.9752 [117]. 

Moreover, TEAC was determined for various berries, using a carbon paste electrode 
with multi-walled carbon nanotubes, coated with a layer of Nafion and containing the 
tyrosinase enzyme. The electrochemical behavior of the biosensor and the influence of 
multi-walled carbon nanotubes were studied in relation to the sensitive amperometric de-
tection of the total content of phenolic compounds in berries, expressed as Trolox equiva-
lents. After the optimization of the electrolytic parameters, the biosensor was used to de-
termine TEAC in blackberries, blueberries, raspberries, and strawberries by the method 
of multiple standard additions. It was noticed that the electrochemical TEAC assays cor-
responded well with results obtained by the DPPH assay. 

Figure 5 shows the principle of the reactions involved in determining TEAC with the 
aid of the biosensor. 

 
Figure 5. Principle of amperometric biosensor based on tyrosinase for TEAC evaluation [118]. 

3.1.2. Electrochemical Biosensors Based on Laccase 
Laccase belongs to the multi-copper oxidase (MCO) family, i.e., a group which in-

cludes many enzymes with different specificities for different substrate and various bio-
logical functions. Lacasse is made up of four copper atoms (copper type 1; copper type 2; 
and two copper type 3 atoms), which form the active site of the enzyme [119]. This enzyme 

Figure 5. Principle of amperometric biosensor based on tyrosinase for TEAC evaluation [118].

3.1.2. Electrochemical Biosensors Based on Laccase

Laccase belongs to the multi-copper oxidase (MCO) family, i.e., a group which includes
many enzymes with different specificities for different substrate and various biological
functions. Lacasse is made up of four copper atoms (copper type 1; copper type 2; and two
copper type 3 atoms), which form the active site of the enzyme [119]. This enzyme catalyzes
the oxidation of phenols, diphenols, and other polyphenols at quinone derivatives, without
requiring H2O2 as a co-substrate [120]. Figure 6 shows the oxidation mechanism of phenolic
compounds by laccase. Similarly, with the biosensors based on tyrosinase, reducing
the generated quinone enzymatic derivatives supplies the electrochemical signal for the
obtained biosensors [109]. In fact, the antioxidant activity is measured using a standard
compound-like caffeic acid, catechin, chlorogenic acid, or catechol, and the respective
compound displays good electrochemical behavior on the surface of the electrode [121].
From among the redox enzymes, laccase has very good stability, which makes it ideal for
antioxidant analysis.



Antioxidants 2022, 11, 584 12 of 29

Antioxidants 2022, 11, x FOR PEER REVIEW 12 of 30 
 

catalyzes the oxidation of phenols, diphenols, and other polyphenols at quinone deriva-
tives, without requiring H2O2 as a co-substrate [120]. Figure 6 shows the oxidation mech-
anism of phenolic compounds by laccase. Similarly, with the biosensors based on tyrosi-
nase, reducing the generated quinone enzymatic derivatives supplies the electrochemical 
signal for the obtained biosensors [109]. In fact, the antioxidant activity is measured using 
a standard compound-like caffeic acid, catechin, chlorogenic acid, or catechol, and the re-
spective compound displays good electrochemical behavior on the surface of the electrode 
[121]. From among the redox enzymes, laccase has very good stability, which makes it 
ideal for antioxidant analysis. 

 
Figure 6. The oxidation reaction of phenolic compounds catalyzed by the laccase enzyme. 

In this regard, a study was carried out to obtain a modified carbon paste biosensor 
based on laccase by mixing a raw Pycnoporus sanguineus laccase extract with graphite and 
mineral oil. The biosensor was capable of detecting the total phenol compound content in 
red fruit extracts. Moreover, the study characterized the antioxidant profile of these red 
fruit extracts through CV, SWV, and DPV. The antioxidant potential, expressed through 
an electrochemical index (EI), was compared to the results obtained through the DPPH 
method. The results obtained demonstrated a good correlation between the total phenolic 
compound content and the antioxidant potential, and a significant similitude of the results 
obtained through the three methods, which both justify the electrochemical approaches 
as instruments for quality control and for the antioxidant characterization of natural prod-
ucts [107]. 

de Oliveira Neto et al., developed a modified carbon paste biosensor based on laccase 
to determine the total phenolic compound content and the antioxidant activity in honey 
[122]. The results obtained with the biosensor showed an acceptable association with the 
classical FRAP and DPPH determination methods. The test was rapid, with a detection 
time of less than 30 s, in accordance with the time necessary for the enzymatic oxidation 
of phenolic mixtures. 

Like tyrosinase-based biosensors, nanomaterials can be integrated into laccase-based 
biosensors in order to improve their sensitivity. Thus, a study carried out recently de-
scribed the obtaining of a simple and very sensitive electrochemical biosensor based on 
laccase immobilized on the surface of the screen-printed carbon electrode (SPCE) modi-
fied with graphene nanoplatelets (GNPI) and gold nanoparticles (AuNP). The biosensor 
obtained, LACC/AuNP/GNPl/SPCE, was used in the amperometric determination of hy-
droquinone and other phenolic compounds. GNPI, 2D carbon nanomaterials with better 
thermic and mechanic qualities, as well as superior electric characteristics by comparison 
with other carbon nanomaterials, act as “electronic wires”. These wires ensure a shorter 
movement of the electrons in the prosthetic groups located in the enzyme structure, in 
depth, and protect the protein from the adsorptive denaturation on the electrodes or from 
undesired inclinations of the molecules. This characteristic turns them into an ideal sub-
strate for immobilizing redox enzymes and for fabricating electrochemical biosensors. 
AuNPs/GNPI accelerated the movement of the electrons between the electroactive site of 

Figure 6. The oxidation reaction of phenolic compounds catalyzed by the laccase enzyme.

In this regard, a study was carried out to obtain a modified carbon paste biosensor
based on laccase by mixing a raw Pycnoporus sanguineus laccase extract with graphite
and mineral oil. The biosensor was capable of detecting the total phenol compound
content in red fruit extracts. Moreover, the study characterized the antioxidant profile of
these red fruit extracts through CV, SWV, and DPV. The antioxidant potential, expressed
through an electrochemical index (EI), was compared to the results obtained through the
DPPH method. The results obtained demonstrated a good correlation between the total
phenolic compound content and the antioxidant potential, and a significant similitude of
the results obtained through the three methods, which both justify the electrochemical
approaches as instruments for quality control and for the antioxidant characterization of
natural products [107].

de Oliveira Neto et al., developed a modified carbon paste biosensor based on lac-
case to determine the total phenolic compound content and the antioxidant activity in
honey [122]. The results obtained with the biosensor showed an acceptable association
with the classical FRAP and DPPH determination methods. The test was rapid, with a
detection time of less than 30 s, in accordance with the time necessary for the enzymatic
oxidation of phenolic mixtures.

Like tyrosinase-based biosensors, nanomaterials can be integrated into laccase-based
biosensors in order to improve their sensitivity. Thus, a study carried out recently described
the obtaining of a simple and very sensitive electrochemical biosensor based on laccase
immobilized on the surface of the screen-printed carbon electrode (SPCE) modified with
graphene nanoplatelets (GNPI) and gold nanoparticles (AuNP). The biosensor obtained,
LACC/AuNP/GNPl/SPCE, was used in the amperometric determination of hydroquinone
and other phenolic compounds. GNPI, 2D carbon nanomaterials with better thermic and
mechanic qualities, as well as superior electric characteristics by comparison with other
carbon nanomaterials, act as “electronic wires”. These wires ensure a shorter movement
of the electrons in the prosthetic groups located in the enzyme structure, in depth, and
protect the protein from the adsorptive denaturation on the electrodes or from undesired
inclinations of the molecules. This characteristic turns them into an ideal substrate for
immobilizing redox enzymes and for fabricating electrochemical biosensors. AuNPs/GNPI
accelerated the movement of the electrons between the electroactive site of the enzyme and
the surface of the electrode, and facilitated the orientation of the molecules to determine the
phenolic compounds. The proposed biosensor indicated a linear range for hydroquinone
from 4 to 130 µM, with a detection limit of 1.5 µM. The biosensor had good repeatability,
reproducibility, long-term stability, and increased selectivity as compared to hydroquinone,
and was used to determine the antioxidant activity of wine and cranberry syrup. The
results were in keeping with those obtained through the standard method for determining
antioxidant activity, expressed in Trolox equivalents [123].

Another study was aimed to develop an electrochemical biosensor for the determi-
nation of polyphenols in propolis samples. The construction of the biosensor is based
on immobilizing a nanocomposite film of the laccase enzyme on AuNP, electrodeposited
on the surface of a SPCE modified with polypyrrole (Ppy) through a process of in situ
electro polymerization (Figure 7). The electrodepositing of gold nanoparticles facilitated
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an increase in the surface available for immobilizing laccase. The Ppy/Lac/AuNPs/SPCE
nanocomposite film was characterized by electronic scanning microscopy and energy-
dispersive X-ray spectroscopy, as well as through CV. In the presence of the propolis extract,
which contains phenolic compounds, immobilized laccase oxidates the polyphenols and,
later, these compounds are reduced on the surface of the electrode modified through am-
perometry at −450 mV. The linear range was between 1 and 250 µM, expressed as caffeic
acid, and the detection limit was 0.83 µM. The time necessary for the analysis was 15 min,
which was shorter compared to the time necessary for the spectrophotometric methods
(85 min), especially for the Folin-Ciocalteu method. The biosensor developed had good
selectivity, stability, and reproducibility which helped to detect polyphenols in the propolis
samples [124].
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García-Guzmán et al., described the achievements of a biosensor through the mod-
ification of the sonogel–carbon electrode with laccase extracted from Trametes versicolor
mixed with glutaraldehyde and Nafion, and the obtained solution was added drop by
drop on the surface of the electrode. The phenolic compounds in wines were analyzed,
firstly to detect individual phenolic compounds (gallic acid, quercetin, rutin, and tannic
acid, ferulic acid; (+) catechin; (−) epicatechin (ECAT); tyrosol; caffeic acid (CA); vanillic
acid; syringic acid; p-coumaric acid; and 4-methylcatechol) and, secondly, to determine
the total content of polyphenols. From the first test, the authors discovered that not all
the polyphenols selected provided an amperometric response, but that good sensitivities
were obtained for the majority of o-diphenols (LOD = 0.011 mg·L−1). For the second test,
the increase in the signal as compared to the signal obtained for individual phenols was
explained either through the synergic effect among polyphenols or through the individual
contribution of several undetectable polyphenols. At the same time, this correlation study
determined the antioxidant activity through the ABTS spectrophotometric method in order
to clarify the influence of both polyphenols and sulfur dioxide on the stability of wines.
Good correlations were found between the polyphenol index and the antioxidant activity,
and poor correlations were found between the concentration of sulfur dioxide and the
antioxidant activity [125].

In another study, multiple configurations of biosensors were tested and compared
using both laccase from Trametes versicolor, and tyrosinase from mushrooms, immobilized
on a glassy carbon electrode, using various agents, including bovine serum albumin (BSA)
and GA as crosslinking agents, as well as chitosan and Nafion. The biosensor based on
Lac had a better performance for the detection of catechol, and the configuration of the
biosensor was optimized (the glassy carbon electrode was modified with a mixture of
reduced graphene oxide and multi-walled carbon nanotubes (as a hybrid layer), followed
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by the laccase immobilization stage). To prolong the life of the biosensor, several protective
biomembranes were tested, and a mixture of 20 mg·mL−1 BSA and 2.5% (v/v) GA, noted
with BSA-GA1, proved to be optimal. Finally, the chronoamperometric response of the
biosensor was recorded at 0 V, and the calibration curves were constructed through the
graphic representation of the reduction current depending on the concentration of catechol.
The performance of the GCE/hybrid/Lac/BSA-GA1 biosensor was tested for a variety
of polyphenols (gallic acid, pyrogallol, 2,3-dihydroxibenzoic acid, dopamine, epicatechin,
catechin, rutin, caffeic acid, and chlorogenic acid), manifesting good sensitivity in relation
to the majority of the compounds. For the analysis of real samples, fruit juices were
analyzed, comparing the results obtained with biosensors based on Lac and Tyr for the total
content of polyphenols. Moreover, this study estimated the antioxidant activity using the
standardized ABTS method to establish if it can be linked to the total content of polyphenols.
From the data obtained using the two biosensors on real samples, it can be deduced that
the antioxidant activity is mainly attributed to the total polyphenol content, as the same
order of magnitude is obtained for all determinations [126].

3.1.3. Electrochemical Biosensors Based on Laccase–Tyrosinase

Biosensors based on the co-immobilization of both laccase and tyrosinase were devel-
oped to extend the range of the detected polyphenolic compounds, due to the different
catalytic activities of these enzymes. Nevertheless, there is a limited number of studies
on this type of biosensors, mostly focused on determining the content of polyphenol com-
pounds, later achieving a correlation between the polyphenols in the samples and the
antioxidant activity of those samples, determined through classical methods.

The first biosensor based on laccase–tyrosinase was manufactured by ElKaoutit et al.,
and applied to monitor the total polyphenol index in several beer [127]. The biosensor
was prepared through doping a sonogel–carbon electrode with a solution containing the
enzymes, glutaric dialdehyde, and a Nafion proton-changing membrane. The analytical
performances of this bienzymatic biosensor improved in comparison to those of the mono-
enzymatic one, made by the same group. In both cases, the results obtained with the
biosensors were correlated with those obtained through the Folin-Ciocalteu method.

In another study, an amperometric biosensor was developed through immobilizing
the two enzymes, tyrosinase and laccase, on graphite screen-printed electrodes modified
with ferrocene determine polyphenols in wine. By determining the best conditions and the
adequate analysis of the samples, various immobilization procedures were performed, and
the operating parameters of the sensor were optimized. Laccase has been co-immobilized
with tyrosinase in a sol–gel matrix of diglyceryl silane (DGS) with the aim of widening
the range of detected phenolic compounds, due to the different catalytic activity of the
enzymes. The biosensor was tested on wine and wine samples of different varieties and
from different regions. Spectrophotometric analyses of the samples, the Folin-Ciocalteu
method (the official method for the analysis of polyphenols in wine), and measuring the
absorbance of wines at 280 nm were all carried out in order to compare the results obtained
with the biosensor with those obtained from reference methods. The biosensor provided
good results when it was used to analyze wine, indicating good concordance with the
spectrophotometric data obtained through the Folin-Ciocalteu method. For the purpose of
interfering studies, sulphite and sulfur dioxide were used as interfering compounds. These
compounds act as inhibitors of catalytic activity of both laccase and tyrosinase and, conse-
quently, they seriously compromise the biosensor responses. Thus, supplementary studies
are necessary to establish the best conditions for obtaining results which are uninfluenced
by the presence of sulfur dioxide [128].

Diaconu et al., developed a bienzymatic biosensor to determine the total content of
polyphenols in plants. An indium–tin oxide electrode was modified with multi-walled
carbon nanotubes, and the laccase and tyrosinase enzymes were immobilized in a chitosan
matrix. Soiling the surface of the biosensor was avoided by applying the Tween 20 surfac-
tant. The data registered in a medium containing surfactant indicated a significant improve-
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ment in the operational stability and an extended linear range. The biosensor was used
to evaluate the total content of phenols in Salvia officinalis extracts and in Basilicum callus
cultures [129].

3.1.4. Electrochemical Biosensors Based on Peroxidase

Peroxidases are enzymes which catalyze the oxidation–reduction reactions by the free
radical mechanism (Figure 8) [130]. They convert substrates into oxidized or polymerized
products. Horseradish peroxidase (HRP) is one of the most commonly used peroxidases
in both biochemistry and biotechnology applications. However, there are only a few
studies regarding electrochemical biosensors based on peroxidase in the determination
of antioxidants.
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dase enzyme.

Mello et al., presented a biosensor based on HRP, immobilized on a carbon paste elec-
trode in a silicon–titanium matrix to determine phenolic compounds in teas and coffee [131].
The results obtained were compared with the traditional Folin-Ciocalteu method, and were
well correlated with the latter. Furthermore, a good correlation was obtained between
the total content of phenolic compounds determined with this biosensor and the total
antioxidant activity, following the DPPH radical reduction method [132].

Similar to the previous study, Mello et al., evaluated the relationship between the
total antioxidant activity and the phenolic compound content of Yerba Mate extracts,
using the same HRP-based biosensor described and used in that study. The antioxidant
activities of the extracts were investigated through the DPPH radical reduction method.
The total antioxidant activity of the extracts was well correlated with the content of phenolic
compounds, and the correlation coefficient was R > 0.9. The antioxidant activity, expressed
in terms of the relative antioxidant activity of different origin Yerba Mate extracts, was
determined in relation to the 10 mmol·L−1 Trolox solution. According to the results
obtained, it was concluded that the simple use of the biosensor provides insight into the
total antioxidant activity of various samples, which then presents a series of advantages,
such as easy manipulation, a selective response, and a rapid evaluation of the antioxidant
activity of plant extracts [133].
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Table 2 includes several examples of electrochemical biosensors based on enzymes
developed for the determination of antioxidants in food.

Table 2. Several examples of enzyme-based biosensors for the determination of antioxidants in
food samples.

Receptor Strategy Detection
Method

Target
Molecule

Linear Range
(µM) LOD (µM) Matrix Ref.

Tyrosinase

Entrapment with
water-soluble PVA,
cross-linking using
glutaraldehyde GA,

cross-linking using GA
and HSA

Amperometry Catechol 0–109 26 ± 1

Infusions of:
Salvia

microphylla
Lippia dulcis
Lippia alba

[115]

Tyrosinase
immobilization onto a
carbon paste electrode,

in a Nafion film

Amperometry p-hydroquinone 20–120 1.6 Red wine [116]

Laccase

Laccase immobilization
onto

AuNPs/GNPI/SPCE
Amperometry Hydroquinone 4–130 1.5

Blueberry
syrup
Wine

[123]

Laccase immobilization
onto

AuNPs/Ppy/SPCE
Amperometry Polyphenolic

compounds 1–250 0.83 Propolis [124]

Tyrosinase or laccase
immobilization on
the surface of GCE

modified with
GO-MWCNTs hybrid

Amperometry

Catechol, gallic
acid, pyrogallol,

1,2-
dihydroxybenzoic

acid,
dopamine,

epicatechin, rutin,
caffeic acid,

chlorogenic acid

1–340

Tyrosinase
0.5

Laccase
0.30

Fruit juice [126]

Tyrosinase-
Laccase

Bi-immobilization of
laccase and tyrosinase

phenoloxidase
enzymes onto the
electrode surface

dopped with a mixture
of the enzymes,

glutaricdialdehyde and
Nafion-ion exchanger

CA

Gallic acid
Caffeic acid
Ferulic acid
(+)catechin

(−)epicatechin

0.1–15.0
1.0 × 10−2

–2.0
3.0 × 10−2

–2.5
1.0 × 10−2–6.0

1.0 × 10−2

–9.0

19.0 × 10−2

2.6 × 10−2

6.4 × 10−2

3.4 × 10−2

4.3 × 10−2

Beer [127]

Modification of an ITO
electrode with

multiwalled carbon
nanotubes, and

co-entrapping the
enzymes laccase and

tyrosinase into a
chitosan matrix

CA
Rosmarinic acid

Caffeic acid
Gallic acid

4.0 × 10−–6.4
4.0 × 10−1–7.4
1.6 × 10−1–8.1

2.50 × 10−1

2.88 × 10−1

1.55

extracts of
Salvia officinalis

cultures of
Basilicum callus

[129]

Peroxidase
Immobilization of HRP

and DNA onto
silica–titanium

Amperometry Chlorogenic acid 1–50 0.7 Coffee
Tea [131]

AuNPs/GNPI/SPCE (a gold nanoparticles–graphene nanoplatelet-modified screen-printed carbon electrode);
AuNPs/Ppy/SPCE (gold nanoparticles electrodeposited in a screen-printed carbon electrode modified with
polypyrrole) ITO (indium–tin oxide); GO-MWCNTs (graphene oxide and multi-walled carbon nanotubes); CA
(chronoamperometry).

3.1.5. Advantages and Disadvantages of Enzymatic Biosensors

Major progress regarding biosensors based on enzymes is linked to the immobilization
and functionality of the biological material interface on the surface of the electrode [134].
Despite the good performances and the significance of this technology for applied and
fundamental science, it should be noted that there are several important aspects which need
to be taken into consideration before the commercial application of enzymatic biosensors to
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monitor active compounds and their antioxidant activity. One such aspect is related to the
immobilization and the stability of the enzyme. Very efficient enzymatic immobilization
and acceleration of the electron transfer rate are challenging tasks in developing biosensors.
Along these lines, for an enzymatic immobilization with high efficiency and long-term sta-
bility, various nanomaterials or polymeric membranes, established and selected depending
on the desired effects, can be integrated in biosensors [135].

Another important parameter is related to the biocompatibility of the materials used to
immobilize enzymes on the surface of the electrode, which implicitly increases the stability
of the enzyme and the biosensor during depositing. The modifications with nanoparticles
of the electrode surface can reduce the over-potential of the compound oxidation and
can increase the intensity of the oxidation current, which can considerably improve the
sensitivity and selectivity of the determination [76].

Another challenge in developing biosensors is related to the interference of the matrix,
which can affect their stability and sensitivity [136]. To resolve this problem, aspects related
to the pre-treatment of the samples and to the optimization of the sensor sensitivity should
be taken into consideration [137].

Ultimately, an important aspect of developing a biosensor based on enzymes is associ-
ated with selecting an adequate enzyme depending on the type of analyte to be analyzed.
Due to the specificity of enzymatic reactions, one type of enzyme cannot detect all the an-
tioxidants or evaluate the antioxidant properties of all the active compounds. For instance,
laccase does not catalyze phenolic compounds with amino groups in meta position, such
as the 3-amino phenol. Therefore, it would be of interest to develop various enzymatic
biosensors which are adequate for detecting a particular type of antioxidant based on the
action mechanisms of enzymes [138].

3.2. DNA-Based Biosensors

Biosensors based on DNA are considered an excellent alternative to determine the
antioxidant activity of the compounds in various food samples, since these biosensors
imitate the process and interactions which take place in the human body under oxidative
stress. DNA can be immobilized on the surface of the transducer, using the genetic material
as biological receiver. Nucleobases (adenine or guanine) are deteriorated by the presence of
the operation system, resulting in the degradation of the electroanalytical signal. Adding a
sample containing a polyphenol compound removes the ROS species, thus improving the
response obtained. Consequently, this improvement can be correlated with the antioxidant
activity of the respective sample [139]. During antioxidant monitoring through this type of
biosensor, the DNA signal barely changes due to the ability of the antioxidant molecules to
neutralize compounds that cause DNA damage. It is important to underline the fact that
DNA damage is largely irreversible; thus, biosensors are generally single-use only. On the
other hand, good reproducibility and constant sensitivity can be obtained [140].

The evaluation of antioxidants is mainly based on detecting DNA deterioration, since
using electrochemical biosensors based on DNA for antioxidant evaluation is similar
to the response of antioxidant activities in biological systems (usually simulating the
damage caused by reactive oxygen species (ROS) in vivo) [141]. Single-stranded DNA
(ssDNA) [142], double-stranded DNA (dsDNA) [143], as well as purine [144] and pyrimi-
dine [145] bases, can serve as recognition elements for an electrochemical biosensor based
on DNA. For DNA-based electrochemical sensors, any change in the oxidation peak of the
DNA bases, before and after the interaction with the target molecule, will be evaluated. In
the presence of antioxidant compounds, they compete with DNA for the hydroxyl radicals,
which increase the DNA oxidation signal, indirectly determining the antioxidant activity of
the analytes [146].

In this regard, the aim of a study was to develop a glassy carbon electrode by evalu-
ating the total antioxidant activity of aromas and aromatic water, through immobilizing
purine bases, adenine, and guanine. Square-wave voltammetry was used as the electro-
chemical method. The damages caused by the reactive oxygen species (ROS), namely the
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superoxide radical (O2
•−) generated by the xanthine–xanthinoxidase (XOD) system on the

surface of the biosensor, were evaluated. After adding active antioxidant compounds, it
was found that the oxidative damages were reduced. Ascorbic acid, gallic acid, caffeic acid,
p-coumaric acid, and resveratrol were used as antioxidants. These radicals are capable of
reducing the superoxide radical, protecting the purine bases immobilized on the surface of
the glassy carbon electrode. The results demonstrated that the biosensor based on DNA is
adequate for the rapid evaluation of the total antioxidant activity in beverages [147].

Over three exhaustive papers, Labuda et al., described the use of a biosensor based on
dsDNA to evaluate the total antioxidant activity of the polysaccharides in yeast [148], the
phenolic compounds [149], and the flavanols and flavonols [150] in plant extracts.

Another study involved the electrochemical determination of the interaction of quercetin
with dsDNA, using two types of biosensors based on DNA to assess the damages caused
by oxidized quercetin on DNA. Two different types of biosensors were prepared in or-
der to study the interaction and observe modifications in the DNA film: a thick-layer
dsDNA-modified GCE which requires a longer time of preparation and a thin-layer dsDNA-
modified GCE obtained by the successive addition of dsDNA solution. The results showed
that quercetin binds to dsDNA, and can be oxidized. The radicals formed during the
oxidation of quercetin can break the hydrogen bonds in dsDNA, forming 8-oxoguanin.
Thus, a mechanism is proposed for explaining the damages caused by oxidized quercetin
on dsDNA immobilized on the surface of a glassy carbon electrode, also clarifying the
formation of 8-oxoguanin. In conclusion, this study clearly demonstrated the importance
of biosensors based on DNA in determining the mechanism of interaction between DNA
and quercetin [151].

Sensitivity of the dsDNA structure towards OH’ radicals as the pro-oxidants has been
utilized as the detection principle of an analytical procedure applied to the evaluation of
antioxidant activity of six chlorogenic acids and extracts of ten coffees. A nanostructured
electrochemical DNA-based biosensor was prepared using a commercial electrode assembly
and treated in the DNA cleavage agent formed by the Fenton-type reaction [152].

Another method developed was to examine the DNA damage caused by dopamine
and some ionic metals. Moreover, the inhibitory and restorative effects of some antioxidants,
such as glutathione and ascorbic acid, were studied and compared using EIS and DPV. A
pencil graphite electrode (PGE) was modified with MWCNTs and chitosan (CHIT), and then
decorated with dsDNA (ds-DNA/CHIT–MWCNTs/PGE). Due to the interactions between
dsDNA and the damaging agents (dopamine and metallic ions), the electrochemical and
charge transfer properties of dsDNA on the surface of the electrode were modified, and
these changes were observed through EIS and DPV. The study indicated that only dopamine,
Cu(II), and Fe(III) cannot destroy DNA, and that dopamine + Cu(II) and dopamine + Fe(III)
can deteriorate DNA. Furthermore, it was demonstrated that some antioxidants, such
as glutathione and ascorbic acid, can exceed or reduce the influence of these damaging
interactions to a minimum [153].

DNA-based biosensors using nanomaterials, with a large surface and improved elec-
trochemical properties, have also been proposed. Thus, in a study carried out in 2016,
guanine was selected as an electrochemical probe and was integrated with titanium oxide
nanoparticles (TiO2) and with MWCNT on the surface of a GCE, in order to obtain an elec-
trochemical biosensor (guanine/TiO2NP/MWCNTs/GCE) for the antioxidant evaluation
of sodium pyrosulphate (Na2S2O5) (commonly used as antioxidant excipient for medicines
and food preservatives) [145].

Silver is also used to immobilize dsDNA, due to its excellent conductivity, good
electrocatalytic activity, and chemical stability [154]. When silver is modified on the
surface of the electrode, very reactive silver oxides are generated, and they modify the
conductivity of the immobilized dsDNA molecules. The conductor polymers incorporated
with metallic particles offer an interesting system and represent a potential application for
the sensors [155]. Wang et al., developed a sensor, using poly-L-glutamic acid, silver, and
an exterior chitosan–dsDNA layer, to measure the total antioxidant activity of orange fruit
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beverages. Ascorbic acid and orange juice beverage could scavenge HO• and protect ds-
DNA from damage effectively. Based on this, the antioxidant capacities of the orange juice
beverage and ascorbic acid were studied by linear sweep voltammetry using Ru(NH3)6

3+

(Hexaammineruthenium(III)) as indicator. The method had results which were comparable
to those of the UV–vis method, indicating good stability and reproducibility [154].

Table 3 shows several examples of biosensors based on DNA for the determination of
antioxidants in foods.

Table 3. Several examples of DNA-based biosensors for the determination of antioxidants in food
samples.

Receptor Strategy Detection
Method Target Molecule Linear Range

(µM)
LOD
(µM) Matrix Ref.

DNA

Immobilization of
purine bases,
guanine, and

adenine on a GCE

SWV

Ascorbic acid
Gallic acid
Caffeic acid

Coumaric acid
Resveratrol

5.6–28.38
0.58–5.87
0.55–5.55
3.04–6.09
0.43–2.19

4.37
0.58
0.55
0.48
0.26

Beverages [147]

GCE modification
with guanine/

TiO2NPs/MWCNTs
DPV Na2S2O5 1000–30,000 540

Adrenaline
hydrochloride

injection
[145]

3.3. Advantages and Disadvantages of DNA-Based Biosensors

In addition to the benefits of DNA-based biosensors due to the nature of the DNA
itself, there are a number of improvements that need to be considered when defining the
performance of this type of biosensor. These are primarily related to DNA immobilization
technology, which decreases the rate of electron transfer from the electrode surface. To
select the immobilization technology, aspects related to the functional retention after DNA
attachment, the chemical stability during all the post-testing stages, the orientation and the
nature of biomolecular configuration, which need to be adequate, must be considered [156].
Moreover, due to the fact that a multitude of signals can be obtained in a matrix, the cross-
contamination effects and the immobilization errors should be reduced to a minimum.

Another aspect is related to the specificity of these biosensors, as the complex char-
acteristics of the sample matrix presents a great challenge going froward. The pentose in
the nucleic acid has a significant specificity of the sequence and is considered a potential
alternative for the oxidative detection of DNA [157].

Last but not least, the sensitivity of DNA-based biosensors is a very important charac-
teristic which needs to be taken into account. Together with the development of nanotech-
nology and biotechnology, new nanostructured materials were used to increase the surface
of the electrode, thus improving the sensitivity of these (bio)devices applied in quantifying
the antioxidant activity. Furthermore, the miniaturization of the analytical procedure and
the development of the lab-on-a-chip technique (which measures the various aspects re-
lated to the behavior of antioxidants on free radicals to generate a complete antioxidant
profile in real time) can be useful [158].

4. Correlations between (Bio)sensors Responses and the Antioxidant Character of
the Compounds

Antioxidant compounds can act as reducing agents in solutions, and have the tendency
to be easily oxidated on the surface of the electrodes. Based on this fact, the relation between
the chemical behavior of compounds with antioxidant properties and the resulting antioxi-
dant activity is very interesting, since the low oxidation potential corresponds to a high
antioxidant power [159]. On the other hand, the amperometric current and/or the charge
measured in optimum oxidation conditions should provide information on extending their
capacity, as well as on estimating their total potential. Furthermore, the oxidation potential
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helps to control selectivity so that most adequate conditions for measuring antioxidants
and their antioxidant activity can be identified [160].

In general, correlation studies have been performed between electrochemical methods
and commonly used antioxidant activity tests to highlight the possibility of using them as
new tools in assessing the antioxidant activity. Since polyphenols are the main antioxidants
involved in the antioxidant activity of various samples, studies on the correlation among
electrochemical approaches were also carried out through the Folin-Ciocalteu method to at-
tribute the antioxidant activity of polyphenols [124,127,131]. These studies demonstrate the
antioxidant properties of foods and biological products due to the presence of polyphenol
compounds and vitamins C and E. Along these lines, the concept of electrochemical index,
defined as the total content of polyphenol compounds, obtained through the non-selective
oxidation of all polyphenols, was introduced [60]. Through electrochemical methods, De
Macêdo et al. [107] studied the antioxidant profile of the polyphenol compounds in red
fruits, expressed as electrochemical index, and thereafter compared the results with those
obtained through the DPPH spectrophotometric method, obtaining a good correlation
between the content of polyphenol compounds and the antioxidant activity.

CV is one of the most common electrochemical methods in various studies performed
to analyze redox systems. As described in the present paper, this method was applied
to determine antioxidants in various food samples, but also in more complex samples,
through sensors and biosensors. Moreover, these studies evaluated the correlation between
the parameters obtained following electrochemical determinations (peak potential—Ep,
half-wave potential—E1/2, and Ip—peak intensity), with results obtained through classical
methods of evaluating antioxidant activity. Ricci et al. [84], on the one hand, and Photinon
et al. [85], on the other hand, reported that the values of the peak currents in CV measure-
ments are well correlated to the DPPH values. Furthermore, Firuzi et al. [86] noticed a good
correlation between the peak currents and the antioxidant activity measured through the
FRAP test in the case of flavonoids. Furthermore, the same correlation was described by
G.K. Ziyatdinova et al. [87] in another study on individual spice antioxidant compounds
(gallic acid, rosmarinic acid, capsaicin, thymol, and eugenol). Using a chemically modi-
fied electrode, Gualandi et al., determined the antioxidant activity of various compounds,
usually considered antioxidants, and of various fruit juices, obtaining a good correlation
between the data resulting from the electrochemical measurements and those resulting
from the application of ORAC, DPPH, and ABTS methods [90].

SWV is another electrochemical method with excellent stability, adequate for analytical
studies. This method was frequently used instead of chromatography to identify and to
quantify antioxidants, such as quercetin, myricetin [88], and ascorbic acid [93]. Bordonaba
et al. [88] demonstrated the possibility of using SWV and other electrochemical methods
with screen-printed carbon electrodes to quantify and evaluate the antioxidant activity and
the quantity of specific antioxidants, mainly polyphenols, in certain fruit juices. Later, the
relation between the cumulative responses of the sensor to various potentials applied, and
the total or individual antioxidants determined through conventional spectrophotometric
methods (FRAP and Folin-Ciocalteu) were evaluated. Another study described the evalu-
ation of the antioxidant activity of three flavonoids through the electrochemical method,
using the glassy carbon electrode modified with graphene, doped with nitrogen, guanin,
and polythionine, which helped to compare the results through the DPPH method. Good
correlations were obtained for all the three studied compounds [93].

DPV is another electrochemical method which is adequate to characterize the redox
behavior of antioxidants. Generally, the peak current is used to estimate the antioxidant
activity or the concentration of antioxidants, while the peak potential can be used to
identify the type of antioxidants [161]. Using this electrochemical method, Petković et al.,
determined the gallic acid in various wine samples, using an electrochemical sensor based
on immobilizing the binuclear copper (II) octa azamacrocyclic complex, covered in graphite
in a PVC matrix [89], while Souza et al., determined the same compound using a carbon
paste electrode modified with carbon nanotubes [91]. The results obtained were compared
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to the Folin-Ciocalteu spectrophotometric method, achieving a calibration curve with
standard gallic acid solutions. A good correlation between the two methods was obtained.

Taking into account the above, we can state that the electrochemical methods are
among the most important approaches for evaluating the antioxidant activity, since they
offer the possibility of measuring the electron transfer directly and rapidly, with good
sensitivity and reproducibility [162]. These methods are direct, selective, and very sensitive,
involving relatively low costs, and allow the analysis in various mediums, without the
necessity of sample pre-treatment. Generally, the results obtained are very well correlated
with the commonly used tests for determining antioxidants [163]. Generally, the perfor-
mance of the electrochemical methods depends on the detection mechanism, the physical
characteristics of the matrix analyzed (i.e., the nature of the electrolyte, the pH value, and
the presence of interferent compounds), the sensor used, as well as the interaction between
the antioxidant molecules and the functional groups of the electrode [164].

5. Conclusions

By taking into consideration the key role of antioxidants in treating diseases caused by
oxidative stress, it is necessary to develop reliable tests in order to determine the antioxidant
activity of various products, such as foods, supplements, or pharmaceutical drugs with a
high antioxidant content.

In recent years, special attention was given to the determination of antioxidants,
using sensors and/or biosensors due to the advantages of these methods, namely high
sensitivity, ease of use and storage, rapid responses, easy automation, portability, and ease
of miniaturization, which render them adequate for on-site diagnosis, thus reducing the
risk of interference following the destabilization of compounds [165,166].

The combined efforts and achievements of screen printing and nanotechnology, bio-
chemistry and electrochemistry, analytical chemistry, and organic polymers led to a new
generation of sensors. The emergence and application of nanomaterials represent an inte-
gral part of sensors and their visible impact on research. The properties of nanomaterials are
essential in developing a sensor, manifested in high electrochemical activity in comparison
with that of the raw material [167]. This suggests that the transition from macro- systems
to nano-scale systems significantly improves the characteristics of the sensors [168].

On the other hand, the importance of biosensors is growing constantly, since they
help to integrate innovative materials and improve their performance, in terms of sensi-
tivity and specificity [102,169]. At present, most research on improving the performances
of biosensors is concentrated on developing new materials, especially conductor nano-
materials and functionalized polymers; however, the development and application of
recombined biological compounds (enzymes and cells) are also of tremendous interest. The
specific properties of nanoparticles (high capacity of adsorption, catalytic activity, excess of
Gibbs free activation energy) render them very useful materials to be used in developing
electrochemical sensors and biosensors [170].

In addition to this type of devices, the use of DNA-based biosensors is also preferred,
since the measurement principle is closer to the activity of antioxidants in biological systems.
ssDNA, dsDNA, or the nucleobases immobilized on the electrode are exposed to a radical
attack similar to what takes place inside the cell, which can generate replication errors and
a deceiving protein synthesis. The efficiency of neutralizing free radicals by antioxidants
depends on the source of the free radicals. Taking this into account, in order to obtain a
complete antioxidant profile, it is necessary to develop various analytical methodologies
based on more free radical sources. For instance, it would be interesting to study the effect
of reactive nitrogen or hydrogen peroxide on biosensors based on DNA. Therefore, these
sensors are promising instruments for the rapid screening of the total antioxidant activity
in various types of samples.

The large number of applications presented and discussed in the present paper clearly
demonstrate the feasibility and utility of electrochemical sensors and biosensors for analyz-
ing antioxidants in real samples, leading to complex matrices in their composition.
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New directions in the development of biosensors by determining the antioxidant activ-
ity may be related to the use of multi-enzymatic systems, stabler and smaller immobilization
platforms, the application of chemometric methods in the evaluation of experimental data,
and the development of disposable biosensors.
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40. Lidiková, J.; Čeryová, N.; Šnirc, M.; Vollmannová, A.; Musilová, J.; Tóthová, M.; Heged‚usová, A. Determination of bioactive
components in selected varieties of pepper (Capsicum L.). Int. J. Food Prop. 2021, 24, 1148–1163. [CrossRef]

41. Luaces, P.; Pascual, M.; Pérez, A.G.; Sanz, C. An Easy-to-Use Procedure for the Measurement of Total Phenolic Compounds in
Olive Fruit. Antioxidants 2021, 10, 1656. [CrossRef] [PubMed]

42. Ieri, F.; Campo, M.; Cassiani, C.; Urciuoli, S.; Jurkhadze, K.; Romani, A. Analysis of aroma and polyphenolic compounds in
Saperavi red wine vinified in Qvevri. Food Sci. Nutr. 2021, 9, 6492–6500. [CrossRef]

43. Ilyasov, I.R.; Beloborodov, V.L.; Selivanova, I.A.; Terekhov, R.P. ABTS/PP Decolorization Assay of Antioxidant Capacity Reaction
Pathways. Int. J. Mol. Sci. 2020, 21, 1131. [CrossRef] [PubMed]
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92. David, M.; Şerban, A.; Popa, C.V.; Florescu, M. A Nanoparticle-Based Label-Free Sensor for Screening the Relative Antioxidant
Capacity of Hydrosoluble Plant Extracts. Sensors 2019, 19, 590. [CrossRef]

93. Fu, Y.; You, Z.; Xiao, A.; Liu, L.; Zhou, W. Electrochemical evaluation of the antioxidant capacity of natural compounds on
glassy carbon electrode modified with guanine-, polythionine-, and nitrogen-doped graphene. Open Chem. 2020, 18, 1054–1063.
[CrossRef]

94. Li, C.; Zhou, Y.; Ye, B.; Xu, M. Sensitive Voltammetric Sensor for Evaluation of trans-resveratrol Levels in Wines based on
Poly(L-lysine) Modified Electrode. J. Anal. Chem. 2020, 75, 111–118. [CrossRef]

95. Banica, F.; Bungau, S.; Tit, D.M.; Behl, T.; Otrisal, P.; Nechifor, A.C.; Gitea, D.; Pavel, F.-M.; Nemeth, S. Determination of the
Total Polyphenols Content and Antioxidant Activity of Echinacea Purpurea Extracts Using Newly Manufactured Glassy Carbon
Electrodes Modified with Carbon Nanotubes. Processes 2020, 8, 833. [CrossRef]

96. Koc, T.B.; Kuyumcu Savan, E.; Karabulut, I. Determination of Antioxidant Properties and β-Carotene in Orange Fruits and
Vegetables by an Oxidation Voltammetric Assay. Anal. Lett. 2022, 1–13. [CrossRef]

97. Romero, M.P.R.; Brito, R.E.; Mellado, J.M.R.; González-Rodríguez, J.; Montoya, M.R.; Rodríguez-Amaro, R. Exploring the
relation between composition of extracts of healthy foods and their antioxidant capacities determined by electrochemical and
spectrophotometrical methods. Lebensm.-Wiss. Technol. 2018, 95, 157–166. [CrossRef]

98. Pérez-López, B.; Merkoçi, A. Nanomaterials based biosensors for food analysis applications. Trends Food Sci. Technol. 2011, 22,
625–639. [CrossRef]

99. Curulli, A. Nanomaterials in Electrochemical Sensing Area: Applications and Challenges in Food Analysis. Molecules 2020,
25, 5759. [CrossRef]

100. Choleva, T.G.; Kappi, F.A.; Giokas, D.L.; Vlessidis, A.G. Paper-based assay of antioxidant activity using analyte-mediated
on-paper nucleation of gold nanoparticles as colorimetric probes. Anal. Chim. Acta 2015, 860, 61–69. [CrossRef]

101. Ghalkhani, M.; Ghorbani-Bidkorbeh, F. Development of Carbon Nanostructured Based Electrochemical Sensors for Pharmaceuti-
cal Analysis. Iran. J. Pharm. Res. 2019, 18, 658–669. [CrossRef]

102. Ye, Y.; Ji, J.; Sun, Z.; Shen, P.; Sun, X. Recent advances in electrochemical biosensors for antioxidant analysis in foodstuff. TrAC
Trends Anal. Chem. 2019, 122, 115718. [CrossRef]

103. Wongkaew, N.; Simsek, M.; Griesche, C.; Baeumner, A.J. Functional Nanomaterials and Nanostructures Enhancing Electrochemical
Biosensors and Lab-on-a-Chip Performances: Recent Progress, Applications, and Future Perspective. Chem. Rev. 2019, 119,
120–194. [CrossRef]

104. Shao, J.; Wang, C.; Shen, Y.; Shi, J.; Ding, D. Electrochemical Sensors and Biosensors for the Analysis of Tea Components: A
Bibliometric Review. Front. Chem. 2022, 9, 818461. [CrossRef]

105. Cesewski, E.; Johnson, B.N. Electrochemical biosensors for pathogen detection. Biosens. Bioelectron. 2020, 159, 112214. [CrossRef]
106. Serra, B.; Reviejo, Á.J.; Pingarrón, J.M. Chapter 13 Application of electrochemical enzyme biosensors for food quality control.

In Comprehensive Analytical Chemistry; Alegret, S., Merkoçi, A., Eds.; Electrochemical Sensor Analysis; Elsevier: Amsterdam,
The Netherlands, 2007; Volume 49, pp. 255–298.

107. de Macêdo, I.Y.L.; Garcia, L.F.; Oliveira Neto, J.R.; de Siqueira Leite, K.C.; Ferreira, V.S.; Ghedini, P.C.; de Souza Gil, E.
Electroanalytical tools for antioxidant evaluation of red fruits dry extracts. Food Chem. 2017, 217, 326–331. [CrossRef]

108. Wee, Y.; Park, S.; Kwon, Y.H.; Ju, Y.; Yeon, K.-M.; Kim, J. Tyrosinase-immobilized CNT based biosensor for highly-sensitive
detection of phenolic compounds. Biosens. Bioelectron. 2019, 132, 279–285. [CrossRef]

109. Rodríguez-Delgado, M.M.; Alemán-Nava, G.S.; Rodríguez-Delgado, J.M.; Dieck-Assad, G.; Martínez-Chapa, S.O.; Barceló, D.;
Parra, R. Laccase-based biosensors for detection of phenolic compounds. TrAC Trends Anal. Chem. 2015, 74, 21–45. [CrossRef]

110. Stasyuk, N.; Gayda, G.; Zakalskiy, A.; Zakalska, O.; Serkiz, R.; Gonchar, M. Amperometric biosensors based on oxidases and PtRu
nanoparticles as artificial peroxidase. Food Chem. 2019, 285, 213–220. [CrossRef]

111. Cetó, X.; Céspedes, F.; Pividori, M.I.; Gutiérrez, J.M.; Del Valle, M. Resolution of phenolic antioxidant mixtures employing a
voltammetric bio-electronic tongue. Analyst 2012, 137, 349–356. [CrossRef]

112. Zhang, Z.; Liu, J.; Fan, J.; Wang, Z.; Li, L. Detection of catechol using an electrochemical biosensor based on engineered Escherichia
coli cells that surface-display laccase. Anal. Chim. Acta 2018, 1009, 65–72. [CrossRef]

113. Agarwal, P.; Gupta, R.; Agarwal, N. A Review on Enzymatic Treatment of Phenols in Wastewater. J. Biotechnol. Biomater. 2016, 6, 4.
[CrossRef]

114. Nejadmansouri, M.; Majdinasab, M.; Nunes, G.; Marty, J. An Overview of Optical and Electrochemical Sensors and Biosensors for
Analysis of Antioxidants in Food during the Last 5 Years. Sensors 2021, 21, 1176. [CrossRef] [PubMed]

http://doi.org/10.1016/j.talanta.2014.09.025
http://doi.org/10.1002/elan.201500076
http://doi.org/10.1021/jf2005589
http://doi.org/10.3390/s19030590
http://doi.org/10.1515/chem-2020-0157
http://doi.org/10.1134/S1061934820010098
http://doi.org/10.3390/pr8070833
http://doi.org/10.1080/00032719.2021.1971686
http://doi.org/10.1016/j.lwt.2018.04.079
http://doi.org/10.1016/j.tifs.2011.04.001
http://doi.org/10.3390/molecules25235759
http://doi.org/10.1016/j.aca.2014.12.025
http://doi.org/10.22037/ijpr.2019.1100645
http://doi.org/10.1016/j.trac.2019.115718
http://doi.org/10.1021/acs.chemrev.8b00172
http://doi.org/10.3389/fchem.2021.818461
http://doi.org/10.1016/j.bios.2020.112214
http://doi.org/10.1016/j.foodchem.2016.08.082
http://doi.org/10.1016/j.bios.2019.03.008
http://doi.org/10.1016/j.trac.2015.05.008
http://doi.org/10.1016/j.foodchem.2019.01.117
http://doi.org/10.1039/C1AN15456G
http://doi.org/10.1016/j.aca.2018.01.008
http://doi.org/10.4172/2155-952X.1000249
http://doi.org/10.3390/s21041176
http://www.ncbi.nlm.nih.gov/pubmed/33562374


Antioxidants 2022, 11, 584 27 of 29

115. Rodríguez-Sevilla, E.; Ramírez-Silva, M.-T.; Romero-Romo, M.; Ibarra-Escutia, P.; Palomar-Pardavé, M. Electrochemical Quantifi-
cation of the Antioxidant Capacity of Medicinal Plants Using Biosensors. Sensors 2014, 14, 14423–14439. [CrossRef]
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