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Abstract: The terminology used in electrochemical methods which are used to generate the measured
signal in antioxidant/oxidant activity (AOA/OA) sensors is briefly considered. The review presents a
hybrid version of electrochemical methods for the determination of AOA/OA. Invasive electrochemical
methods/sensors for AOA/OA of blood/serum/plasma, and non-invasive ones for semen, sweat,
saliva and skin determination are described. AOA/OA sensors application in health estimation,
cosmetology, food and nutrients is presented. Attention is paid to widely described approaches
and technologies used in chemical/biochemical sensors. It will be considered as base/prototypes
for developing sensors of the kind for AOA/OA determination. Prospects for the development
of wearable, written sensors and biosensors are considered. Miniature and wireless sensors will
allow for the monitoring of the patient’s state, both at the bedside and far beyond the hospital.
The development of wearable self-powered written and printed sensors is an important step towards
personalized medicine.

Keywords: sensors; antioxidant/oxidant activity; oxidative stress; hybrid electrochemical methods;
biofluids/tissue

1. Introduction

“Chemistry widely spreads its arms in human existence” [1] (p. 362). This idea by M. Lomonosov
fully applies to analytical chemistry and all its sections, in particular, clinical, pharmaceutical, food,
and cosmetic methods aimed at the development of personalized medicine are of particular importance.
Sensors and sensor systems that provide information on site and in situ, in vivo and in vitro play a
significant role in this process.

The role of redox reactions in the homeostasis of aerobic organisms is well known [2]. The imbalance
between oxidant production in the respiratory chain of mitochondria and the lack of antioxidant
defense system activity results in oxidative stress (OS), which plays the central role in the main common
pathological processes (cancer, ischemia, inflammation). Because the redox reactions are non-specific,
there is a large problem to assess the severity and duration of oxidative stress, its location and activity
in different organs and tissues.

The potentiometric method, where a mediator system is used for generating the signal-forming
substances, was suggested earlier [3-5], for the estimating of OS considering the integral antioxidant
activity (AOA) as its criterion. Later, taking into account that analytical signal generated by two
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different processes occurring simultaneously or successively, authors [6-9] introduced the term
“a hybrid variant of potentiometric method” to emphasize the difference from the conventional
potentiometric measurements.

It is worth noting two variants of the hybrid potentiometric method (HPM) that are used in the
analysis of fluids and the contact hybrid potentiometric method (CHPM) that is designed to be used for
the investigation of solids. This term was introduced in [10,11] for the method described earlier [8,9].

The results of AOA/OA of blood serum in healthy volunteers and patients with various diseases
(cancer, heart diseases, respiratory diseases) in comparison with normal values in healthy volunteers
were presented in our earliest works [6,8,12]. The works deal with the problem of AOA correlation with
the different laboratory, biochemical and clinical values, such as full blood count test indicators,
inflammation markers; laboratory and clinical markers of cardiovascular diseases, cancer and
respiratory diseases, and defines the possible place and value of antioxidant activity monitoring
in early and differential diagnostics of the abovementioned pathology. Thus, AOA at inflammation can
also give predictive important information. Inflammation is a common pathological process, playing an
important role in the pathogenesis of infectious and some non-infectious diseases (cardiovascular
diseases and some types of cancer). Therefore, the treatment of inflammation can possibly prevent the
occurrence of related diseases. An important feature of inflammation is the rise of reactive oxygen
species (ROS), which is manifested in a decrease in AOA. Scavenging of ROS by antioxidants can
relieve inflammation as well as inhibit the occurrence of related diseases [13]. Thus, monitoring of
the AOA of the biological environment is attributed not only to data as they are, but it can also give
predictive important information.

The relationship between oxidative stress (OS) and AOA/OA as its integral criterion which
characterizes the state of human health has become clearer in recent decades as the result of research
in this field carried out in chemical, biological and medical laboratories all over the world. The term
“oxidative stress” refers to the imbalance between the production of oxidants (hydrogen peroxide,
organic hydro-peroxides, nitric oxide, oxygen and nitrogen reactive species, etc.), which generate
oxidation processes, and exhaust activity of the system of antioxidant protection of the living organism.
That is why monitoring of AOA/OA as an integral indicator of health status is the important task.

The evolution of vision about oxidative (oxidant) stress and its role in different pathologies led to
the development of methods for the monitoring of OS and understanding that the evaluation criterion
in this case is the AOA/OA of the environment, and the special analytical methods for its measurement
must be developed.

The occurrence and manifestation of OS are determined by the electron-donor-acceptor properties
of the investigating biological system. The use of electrochemical methods, as the most appropriate to
the nature of the studied phenomenon, to obtain information about them is preferable.

The purpose of the review is: (i) to systematize data on hybrid electrochemical method
determination of AOA/OA, paying attention to variants developed for liquids and condensed media
analysis; (ii) to consider sensory support for AOA/OA monitoring of: biological fluids (blood plasma,
saliva, etc.), skin, food, cosmetics, etc.; (iii) to describe an application of these sensors as the diagnostic
tool of OS estimation; and (iv) to try to forethought future perspectives and challenges

The following questions will be considered:

e the current state of sensor development to determine AOA/OA (concentration of determined
compounds);

e terminology, importance of AOA/OA units expression standardization;

e hybrid variants of chronopotentiometry and chronoamperometry as a tool for
AOA/OA determination

e invasive and non-invasive electrochemical methods and sensors for estimation of AOA/OA of
biological fluids and tissue (blood/serum (plasma), semen, sweat, saliva and skin.

e application of sensors for testing of the AOA/OA state of healthy volunteers and patients with
various diseases in compare with clinical and medical features;
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e AOA of plants, food, nutrients, raw materials, drugs and cosmetics; the future perspectives of
AOA/OA electrochemical estimation.

Despite the huge amount of research devoted to the development and use of chemical and
biochemical methods [12-14] and sensors [10,15], the terminology in this area is not clear enough.
This applies both to the concept of AOA itself [7] and to the composition and design of sensors.

Below, when considering methods and sensors for determining AOA/OA, we use the information
provided in [7], and IUPAC recommendations [16] in the field of chemical and biochemical
sensor terminology.

A chemical sensor is a device that transforms chemical information that depends on the
concentration of a specific sample component into an analytically useful signal. The above-mentioned
chemical information can be obtained as a result of the chemical reaction of the analyzed substance or
as a result of the changes in physical properties of the investigated system.

Chemical sensors contain two main functional units: the receptor part and the transducer part.
Some sensors may include a separator, which is, e.g., a membrane. In the receptor part of the
sensor, chemical information is converted into a form of energy, which can be transmitted to the
measuring circuit by a transducer. The receptor provides sensory selectivity, the transducer does not
show selectivity.

Electrochemical devices convert the effect of the electrochemical interaction between the analyte
and the electrode into a useful signal. The following approaches should be noted:

(a) voltammetric and amperometric sensors, in which the current is measured: in these cases,
chemically inert or active and modified electrodes are used.

(b) potentiometric sensors in which the potential of the indicator electrode is measured against a
reference electrode [16].

Taking into account the above definitions, ox/red electrodes can be classified as sensors,
and electrochemical cells containing a platinum electrode and a reference electrode (RE), along with,
for example, wearable or contact electrodes in combination with screen-printed silver/chloride
electrodes, can be considered as sensor systems.

2. Methods

Electrochemical methods are based on electrochemical oxidation-reduction reactions occurring
on the interface electrode or in the volume of the solution, the result of which is recorded [14].
Processes involving prior or simultaneous ongoing chemical reactions can be considered as hybrid
variants [6-8,10,11,17]. Those variants can be considered as preferable for AOA/OA determination.
Two realizations of these variants should be mentioned:

1.  The soluble mediator (signal generating) system is introduced into the solution to be analyzed

2. The signal generating system containing sparingly soluble compounds is placed on the surface of
the electrode.

In the first approach (the use of soluble mediator system) the following reactions to determine
AOA/OA serve as a signal, forming in the first case:

Fe(ITI) + AO = Fe(Il) + AOyx in antioxidants concentration determination and

Fe(Il) + Ox = Fe(IIl) + Ox;eq in oxidants concentration determination.

The water soluble mediator system is introduced into the analyzed solution.

The sources of information on AOA/OA (analytical signal) are:

1. The electrode potential shift that is observed when the sample is introduced into the mediator
system (chronopotentiometric variant) [3,5];

2. The increment of K4[Fe(CN)¢] oxidation current, resulting from the interaction of the AO,
containing in the sample, with the oxidized form of the mediator system Ks[Fe(CN)g] previously
introduced into the solution (chronoamperometric version) [17].
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AOA/OA determination using potentiometric method is based on the equilibrium between
oxidized and reduced forms of mediator system (Nernst equation):

f Ox COx
f‘red Cred

E=Eo+blg M)

where b = 2.3 RT T+, f—activity coefficients, in further calculations of AE f disappears; E—the potential
of the system in the initial state, V. Coy—concentration of the oxidized form of the mediator system, M;
and Cg.g—concentration of the reduced form of the mediator system, M.

The introduction of an antioxidant or oxidant into the solution leads to a shift in the balance
between its components and, accordingly, to the potential shift.

Since the above mentioned reactions go almost to the end, we can assume that stoichiometric ratios
are observed between the concentration of antioxidant/oxidant and the components of the mediator
system. Then, potential shift serves as analytical signal.

After the introduction of the sample containing antioxidants into the solution, the potential of the
mediator system is expressed as follows:

fOx(COx - X)
fred(cred + X)

where E;—potential of the system measured after the introduction of the analyzed sample, V; X—the
concentration of antioxidants in the solution after the introduction of the analyzed sample into
it, mM-eq.

After the introduction of a sample containing oxidants into the solution, the potential of the
mediator system is expressed as follows:

Ey = Eo+blg @)

fox(Cox + X)
fred( red — )

where E;—potential in the system measured after the introduction of the analyzed sample, X—the

concentration of oxidants in the solution after the introduction of the analyzed sample, mM-eq.
Using the value AE = E; — E, it is easy to calculate

Ei =Ey+0blg 3)

X = A0A = S =2 Cred 1_+“ac”d (4)
X=0A=" C{“’ Cox 5)
+a
Or
X = 5% - Jf‘ac”d ©)
1 E>"F

where «+» for AOA; «—» for OA; a = C"X 10
In the second case (chronoamperometrlc method) as a source of information about AOA (the total
content of antioxidants in the sample), the current of potassium ferrocyanide (K4[Fe(CN)g]) oxidation,
formed as a result of the reaction of antioxidants with K3[Fe(CN)g], introduced into the solution
beforehand is used.
AOA is calculated using the formula:

Al sample

AOA — Cadd‘ Tdd
a

@)

where AOA—antioxidant activity (total content of antioxidants in the sample)), mM—eq;
Caag—concentration (in the electrochemical cell) of a standard addition of Ky[Fe(CN)g],
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Alggmpie—oxidation current increment of Ky[Fe(CN)g], obtained as the result of the interaction of
the sample with K3[Fe(CN)g]; Alg;—oxidation current increment of K4[Fe(CN)¢], introduced into the
analyzed mixture.

The second approach (the use of the signal generating system, containing sparingly soluble
compounds, immobilized on the electrode surface) is demonstrated by results described in the A.
Karyakin’s group works [18-27] dedicated to the development of a hydrogen peroxide sensor. This type
of sensor is used in biosensors based on enzymes oxidases, a component of disinfection means, and as
a diagnostic criteria of pathologic conditions. The works mentioned above demonstrate a method of
H,O, monitoring—amperometric detection of the H,O, concentration using as a sensor electrode,
modified by Prussian blue (PB). Processes in the system Fe3*/Fe?* of PB serve as the signal generation,
which provides information about the concentration of H,O; in the sample. The application of this
approach for antioxidant determination is presented in the work [28].

Electrode modified by a reversible redox couple and (3,4-ethylenedioxythiophene (PEDOT)
immobilized on its surface served as the chronopotentiometric sensor. The chemical reaction occurring
between K3[Fe(CN)y] with a dissolved analyte serves as the signal generating process. The above
mentioned method and sensor were used for some juices analysis [29].

2.1. Invasive and Non-Invasive Electrochemical Methods in Estimation of AOA/OA of Bioliquids (Blood/Serum
(Plasma), Semen, Sweat, Saliva) and Tissue (Skin)

Two approaches to electrochemical methods and sensors application for biological systems
analysis are described in the scientific literature: invasive, in [4,6,8,11], and non-invasive [30-34] ones.

The first variant requires blood sampling that is introduced into the solution, containing a
mediator—K3[Fe(CN)g]/K4[Fe(CN)g]. Potential shift that is a consequence of the chemical interaction
of antioxidants with potassium hexacyanoferrate (III) serves as the source of information.

Noninvasive variant is based on the interaction of the oxidized component of mediator system
introduced into the gel [34] or membrane [35] impregnated with the electrolyte solution, containing a
mediator system or K3[Fe(CN)g] with antioxidants, which diffuse out of the skin. Two modes of
measurements are used in this case: (i) a potential shift if the matrix contains the mediator system,
or (ii) a current if it contains only the oxidized component of the mediator system as a reagent.

2.2. Sensors

As a rule, to determine the integral AOA/concentration of the object under study, the indicator
electrodes are manufactured by screen printing using carbon or Pt pastes [6,34,36-39] or new materials,
for example, carbon veil [40]. In a number of works, to improve the quality of the electrode,
nanomaterials are deposited on its surface [41-50].

Standard silver chloride electrodes are used as the reference electrodes for the analysis of liquids,
and single-use standard skin medical electrodes for electrocardiography [34] or (in later studies)
silver/chloride electrodes [9] manufactured from conductive silver paste PP-17C from RPE Delta-Pastes
Ltd. (Russia), which is placed on a nonconductive substrate using screen printing technology, were used
for non-invasive (skin) analysis. The problem of the instability of these electrodes’ potential in the
presence of mediator system was solved by modifying the surface of such electrodes with a mixed
precipitate of chloride and silver ferricyanide [9].

The combination of the indicator electrodes, reference electrodes, gel or membrane described
above is the basis of various sensory systems. So, a system consisting of a platinum indicator and
standard reference electrode is used in analysis of liquids, and a mediator system is introduced into
the analyzed solution [3,4]. The other sensory systems were designed to study condensed systems,
in particular, for non-invasive skin AOA/OA evaluation [10].
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2.3. Measuring Means

The potential difference between the electrodes or the current flowing in the system is measured.
Instead of the commonly used scheme including an energy source and a three-electrode sensor,
the authors of the patent [51] proposed replacing the power supply and three-electrode sensor with an
ammeter and two-electrode sensor. Concentration of the analyte (hydrogen peroxide) in the analyzed
solution can be found using a preliminary built calibration curve, which limits the application of this
method for the analysis of solutions. The original scheme for measurements is shown on Figure 1a.
The advantage of this approach is that the measurements are carried out simultaneously in similar
conditions and it saves time.

lP

@ﬁ

(a) (b)

Figure 1. Measuring scheme (a) and photo (b), illustrating the process of skin research. E;, E;,

\

PA-5 1 — 1PA-52

Es-electrodes; M: membrane; PA-S 1 and PA-S 2: potentiometric analyzers. Reprinted from [10].
Sensors of AOA in Medicine

The AOA/OA of blood plasma/serum, sperm, and saliva was studied using the hybrid
potentiometric method (HPM) with platinum screen printed sensors [4,6,8,41] used as indicators
and a standard reference electrode. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol of the study was approved by the Ethics Committee of “Medical Technologies
JSC (Project identification code 16-01-18 MT-AO), in accordance with the rules of Good Clinical Practice.
Testing of the AOA/OA state of healthy volunteers and ill patients in comparison with clinical and

”

medical features was done mainly using an invasive variant of HPM and the mentioned sensory
system, immersed into phosphate buffer solution (PBS), containing a signal-generating mediator
and the analyzed sample. All patients who were involved in the study provided informed consent.
The patients were advised to avoid fatty foods and alcohol use the day before, and smoking the
morning before the blood uptake. The blood sampling procedure was performed after fasting early in
the morning (7.00-8.30). Blood was taken by venipuncture into polyethylene terephthalate vacuum
tubes (Chengdu Puth Medical Plastics Packaging Co., Ltd., Chengdu, China) containing a coagulation
activator (S5iO2), followed by centrifugation at a speed of 3500 rpm for 15 min using centrifuge SM—-6M
(SIA ELMI, Latvia). The venipuncture was performed by an experienced member of staff to minimize
the possible negative influence of pain and stress, related to an invasive procedure, on the AOA/OA
level. The potential influence of smoking and food composition, especially dietary fat, on the OS and
AOA is obvious. In our previous work [8], the possible dependence of AOA/OA level on the blood
uptake time (starvation period) was discussed (Table 1), but this phenomenon still requires a definitive
explanation, although the most appropriate explanation is the development of OS as a non-specific
manifestation of the general adaptation syndrome during starvation.
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Table 1. The dependence of AOA of the blood serum of healthy volunteers on the starvation period.
Reprinted from [8], with changes.

Subgroup AOA, mM-eq t-Test
Men (n = 42) 1.21 £ 0.26 non-significantly
Women (11 = 68) 1.22 +0.30 difference
Time of blood sampling: - -
without starvation (n = 36) 1.42 +0.29 significantly difference
after starvation period (n = 74) 112 £0.23

The future revealing of the subtle mechanisms of the starvation influence on the AOA/OA can be
useful in dietetics, and in complex approaches to the diagnostics and monitoring of the efficacy and
safety of the treatment of obesity, bulimia, and other eating disorders. It is obvious that all the rules of
preparation for analysis and all stages of blood collection must be strictly observed in order to avoid
accidental preanalytical errors in the assessment of AOA/OA (for example, smoking before blood
collection). Examples of the application of noninvasive variants of contact hybrid electrochemical
investigation of skin with the use of one of sensory systems described above and special scheme for
that were given in [10,34,35]. The measuring scheme used is shown in Figure 1.

Such a circuit allows the correct results to be obtained, due to the fact that measurements are
carried out at the same time in similar conditions. Another advantage of the measurement method
proposed in this work [10] is the reduction in time, as two results are obtained simultaneously in
one measuring period. The reliability of the contact of the electrodes with the membrane and the
object under study is ensured by placing a load of 70 g on the plate placed on the sensory system
(when working with model systems) or pressing the sensory system to the skin with the help of a cuff
(with the level of pressure equal to 35-40 mm Hg).

The complexity of using the AOA/OA indicator to assess a particular clinical condition or disease
consists in the non-specificity of OS and AOA. AOA/OA cannot be a quantitative measure of OS of
a specific disease or a diagnostic criterion, since it reflects the level of OS, which is a manifestation
of the main typical pathological processes. Preliminary data show the significant difference between
AOA/OA level in various diseases, especially promising data concern the proof of dramatic decrease in
the AOA/OA level in cancer [8]. Some promising results were obtained during AOA/OA measurement
of sperm [12] in different types of infertility and saliva [6]. The potential mechanisms of AOA/OA
changes can be divided in two groups: common and specific (unique).

Common: each disease carries in its basic mechanisms the common (typical) pathologic processes,
and OS plays one of the key roles in this process developing. The OS activation may differ to a greater
or lesser extent in different locations (out of or into the cells and organelles), organs and tissues.

Specific (more or less): according to the unique mechanisms for each nosology (disease), this deals
with the specific cells and specific organs tissues. Therefore, the disease may have a unique chemical
signature that changes in epigenome, metabolome, etc. and OS activity. The correlation rules of such
relationships are sophisticated but can be the specific for each group of diseases, and such an idea
should be studied, but the difficulty of such a view is evident. Therefore, from this perspective it
seems to measure OS and make its estimation together with specific markers which can influence the
AOA/OA and can be accepted as “the signature” of concrete disease, for example, the group of markers
— AOA + cholesterol + glucose in cardiovascular diseases. The specific algorithms of mathematical
analysis can be possibly useful and necessary (for example, in prospective neural networks).

The current method of application of the electrochemical hybrid methods of AOA/OA measurement
in medical practice seems to be to develop it as a cheap and reliable tool for the integral health status
assessment, and use the patient’s low AOA/OA level as a “red flag” for the physician to make
subsequent, more specific steps for the deep and precise diagnostics and/or treatment of the patient.
The advantages of sensors and sensor-based devices are obvious—safety (especially for noninvasive
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AOA/OA measurement), low cost, simplicity and the ability to screen a large number of patients,
and the first task is to standardize the parameters of AOA/OA and the criteria of its normal and
abnormal ranges, and their accordance with the pathologic situations of different causes and severities.
This prospective method of OS study comprises the development of tools and methods for measuring
oxidants in blood. The difficulty of oxidants measurement can be explained by the very short lifetime
of ROS, because they are scavenged by antioxidants. Special high-quality and well-designed studies
are needed in this field.

2.4. Sensors Application in Determination of Antioxidant Activity of Plants, Nutrients, Food,
Drugs and Cosmetics

An approach analogous to that described above as a tool for biologic liquids analysis was
mainly used for determination of the AOA of plants, nutrients, food, drugs and cosmetics [3,52].
Problems arising in the analysis of solids are solved by preliminarily dissolving or dispersing the
sample to the state of microemulsions or microsuspensions [53]. For example, in [36], cosmetic cream
mixed with water was emulsified in an ultrasonic field. In this work, the possibility to determine
oxidants (HpO;) as well as antioxidants, using one and the same approach, was shown.

The measuring electrode (Pt) and reference (ECG-type) electrode in the presence of the mediator
system K3[Fe(CN)g] + K4[Fe(CN)g] introduced into the gel were used to study the impact of cosmetic
creams on skin AOA [36].

Optimized conditions (scheme and sensory system proposed later [10,35]) were used in
non-invasive skin antioxidant activity evaluation (Figure 2).

(a) (b)

/

Figure 2. Schemes: (a) sensory system for model antioxidant determination; (b) sensory system

in assessing of sample AOA/OA. M is the membrane impregnated with a solution of the mediator
[Fe(CN)6]3‘/ 4. M’: membrane impregnated with a model antioxidant solution; S: slice of the test sample;
PtSPE-: platinum screen-printed electrode; AgSPE/mod: modified silver screen-printed electrode;
SS: sensory system. Reprinted from [11], with the permission of Elsevier.
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A sensory system, which included screen-printed platinum and silver/silver chloride, modified by
a mixed precipitate of silver chloride and silver ferricyanide electrodes, and a membrane,
impregnated with mediator, serving for signal generation in contact hybrid potentiometric
measurements, was used for the determination of the AOA/OA of fruits and vegetables.
Obtained data [11] are presented in Table 2.

Table 2. The AOA of fruits and vegetables, obtained by CHPM. Sensory system, including platinum,
silver/silver chloride screen-printed electrodes and a membrane, was used. Reprinted from [11] with
the permission of Elsevier.

CHPM
(uM-eq/g)

Q garlic 21.1
ﬁ beet 12.8

é tomato 10.0

Fruit or Vegetable

i’

" peach 8.6
Y

) pear 7.3
% melon 7.1
w cucumber 3.8

o
' apple 35

«
u, pumpkin 29
‘ plum 2.1
U carrot 1.1

2.5. Future Perspectives and Challenges

The 21st century is the time for communications, in particular personal communications; this makes
it possible to develop a new level of medicine—personalized medicine and telemedicine [54].
An example of this new concept of personalized medicine is the Wireless Body Area Network
(WBAN) [55]. A WBAN comprises a number of health sensors that collect the information of vital
parameters of a human body. The development of sensory technologies is a prerequisite for the
creation or extension of methods to be used in telemedicine, sports medicine, the quality control of
drugs, products, and cosmetics—all that determines human health. Information about individual
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different laboratory biochemical and clinical indicators such as glucose, cholesterol, etc. is important
for routine clinical practice and decision making in medicine. On the other hand, the criteria for health
status in general is of great importance. There are a few important goals to be achieved in the near
future: to increase the number of defined markers and to develop sensors (methods and design) for
determining parameters that give general information about the state of health, to create multisensors
or chips for obtaining information about a number of parameters, to use artificial intelligence for
processing information and obtaining conclusions about the state of human health, to carry out
private and general diagnostics, and to develop new sensors or their new variants for invasive and
non-invasive diagnostics, and sensors for use in vivo.

Two tasks should be solved: (i) developing the convenient design of these sensors and (ii) finding
and investigating the specific approaches for analytical signal generation. Different devices can
be manufactured in one and the same design. The sensor selectivity is determined by receptor
selection and mode of measurement. Examples are described in the reviews and references in it [56,57].
Chemical (biochemical) sensors for skin are developed to be used as a detector of different biological
markers. Unfortunately, antioxidants are not included in their number. Nevertheless, electrochemical
methods and sensors of AOA/OA, as it was shown above, give useful data for health and pathology
evaluation. The study of AOA/OA of skin demonstrated that noninvasive methods of OS monitoring
are of interest in such fields as health screening, disaster medicine, sports medicine, cosmetology and
nutrition, as they enable one to use AOA/OA as a prediagnostic (screening) criterion for examining
large groups of the population, while eliminating the need for invasive procedures.

Prospects for the use of the AOA/OA indicator to assess the degree of adaptation/disadaptation
of the body to chronic psychogenic stress, adverse climatic (regions with a cold climate, with an
intensive solar radiation, etc.) conditions, adverse and severe working conditions, and excessive
load in professional sport, will open up new possibilities in medicine. Often, these conditions are
combined with low availability of qualified medical care, and/or with very high costs of medical
care—for example, in remote and inaccessible regions and settlements, regions and countries with
poverty and poor food supply, and it requires the development of new sensor designs. In this regard,
we describe the application of electrochemical methods for the creation of sensor technologies for the
rapid assessment of antioxidant activity, with the possibility of a joint application with an assessment of
other key biochemical parameters (glucose, cholesterol, creatinine, etc.). The advantages and features
of a non-invasive method for determining AOA/OA (skin), the possibility of using the method for
mass medical screening, for use in fitness and sports medicine, in remote and inaccessible settlements,
including using telemedicine, are the trends of the area.

We consider the data presented in reviews [56—63], devoted to different portable and wearable
sensors, can serve as a basis for the development of portable and wearable sensors for oxidative
stress monitoring and AOA/OA determination. Wearable sensors are soft, flexible and stretchable
devices designed to monitor clinically important human health indicators, and they are usually
electrochemical [64-69]. Miniature and wireless sensors will allow for the constant monitoring of
the patient’s health, both at the bedside and far beyond the hospital. At the same time, due to the
modern built-in data exchange systems, doctor’s recommendations can be received at a distance.
Thus, the development of wearable self-powered and written sensors is an important step towards
personalized medicine.

Serious problems should be solved before the sensors of this kind will find application in practice:
data acquisition, transfer and their interpretation. It is also necessary to establish whether correlations
exist between measuring parameters that are characteristic for the skin and blood. The application
of WBAN technologies, inclusion of new sensors into the system and using smartphones opens up
a revolutionary era in the development of on-site monitoring methods, creates new telemedicine
capabilities and paves the way from “test tubes to smartphones”.
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