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Abstract

The results of studies of many types of semiconductor H,0, sensors are discussed in this review of 185 articles about
hydrogen peroxide. The properties of electrochemical detectors, sensors based on organic and inorganic materials,
graphene, and nano-sensors are analyzed. Optical and fluorescent sensors, detectors made of porous materials,
quantum dots, fibers, and spheres are briefly discussed. The results of our studies in the YSU of hydrogen peroxide
sensors made from solid solutions of carbon nanotubes with semiconducting metal oxides are also presented in the
review. The fundamentals of the manufacture of biomarkers of respiration containing hydrogen peroxide vapors,
which make it possible to judge the degree of a person's illness with various respiratory diseases (asthma, lung

cancer, etc.), are discussed.

Introduction

The determination of trace amounts of hydrogen peroxide is im-
portant in environmental, medical, pharmaceutical, and biological
fields as well as in the food and textile industry due to a wide
spectrum of antibacterial properties, low toxicity, and ecological
purity. It is necessary to determine the concentration of hydrogen

Table 1: Hydrogen peroxide

peroxide H,0O,, not only in chemical and industrial processes (for
example, disinfection, waste-water treatment), but also as an inter-
mediate product of an enzyme reaction in biochemical processes
(for example, glucose determination). Therefore, an H O, sensor
can be also used as an intermediate transducer for other biosensors.
Properties of H,O, are collected on Internet in Tabl. 1.

H H
\

0—0

Dipole moment

Properties
Chemical formula H,0,
Molar mass 34.0147 g/mol
Appearance Very light blue color; colorless in solution
Odor slightly sharp
Density 1.11 g/em?® (20 °C, 30% (w/w) solution )[1]
Melting point 1.450 g/cm?® (20 °C, pure)
Boiling point —0.43 °C (31.23 °F; 272.72 K)
Solubility 150.2 °C (302.4 °F; 423.3 K) (decomposes)
Magnetic susceptibility () soluble in ether, alcohol
Refractive index (nD) insoluble in petroleum ether

—17.7107% cm?*/mol
1.4061
226D
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Pure H,O, at large concentrations is explosive under certain con-
ditions (for example, in the presence of transition metals). There-
fore, concentrated solutions of H,O, can cause burns in the case of
contact with skin, mucous membranes, and respiratory tract. H,O,
is subsumed under the category of matters those are dangerous for
a man with a certain maximum permissible concentrations. There-
fore, the development of sensors for the determination of H,O,
concentration in the environment is important and attracts he inter-
est of chemists, physicians, industrial engineers, etc. H,O, stable
sensors can be used in various fields of the industry and analytical
chemistry, for environmental control, in clinical diagnostic. In bi-
ology and physiology, H,0O, has been recognized as a gesturing
molecule for precise and prompt determination of oxidative stress
that can be associated with different kinds of chronic diseases such
as Alzheimer’s, atherosclerosis, lungs injury, cardiovascular dis-
eases, parasitic infections, diabetes, cancer and so on. It is not only
a byproduct of numerous oxidases in various biological functions
but also a requisite mediator in biomedical, pharmaceutical, food,
and environmental analysis. In living systems, its massive accu-
mulation is detrimental for the normal growth of cells and is en-
gendered by the oxidative mitochondrial functions, incomplete re-
duction of oxygen, and metabolic reactions occurring in live cells.
It is noteworthy that H,O, and other reactive oxygen species play
a critical role in proliferation, physiological intracellular signaling
transduction, straddling development, abiotic anxiety influences,
response to lethal attacks, relocation, and distinction of healthy
cells [1]. Nevertheless, the excessive production of H,O, in cel-
lular environments is extremely pathogenic to living organisms.
Therefore, the determination of thexact level of H202 paves the
way for understanding the pathological, physiological and bio-
medical role of H,O,.

Several techniques have been developed for a determination of
H,0, such as spectrophotometry, electrochemical and fluorimetric
detection, liquid chromatography, electroanalytical and optical in-
terferometry [2-8]. These techniques are complex, expensive and
time consuming.

Electrochemical Sensors for Detection of H202

A large range of materials such as ferric hexacyanoferrate (Prus-
sian blue) and other metal hexacyanoferrates, metal ophthalocya-
nines, and metalloporphyrins has been employed for the manufac-
ture of hydrogen peroxide sensors. The advantages of these sensors
are simplicity of manufacturing, good response, and capability of
control in real time. The possibility for improvement of analytical
performances for nanostructuring of Prussian blue (PB) has been
reported in [9]. It is possible to make by electrodeposition of nano-
structured PB films. Analytical performances of the resulting PB-
based nanoelectrode arrays have been studied in course of H,O,
detection. The value of sensitivity for sensors was 0.2 A M cm?,
which is more than for electrodes modified by PB electrodeposited
through liquid crystal template. The detection limit was 10-* M and
a linear calibration range was extending over six orders of mag-
nitude of H,0, concentrations, which are the most advantageous
analytical performances in hydrogen peroxide electroanalysis.

In recent years, nanotechnology progress is promoted advances in
the field of manufacturing of the H O, electrochemical sensors.

Hydrogen Peroxide Sensors Using Organic Materials
The possibilities of monitoring of vapor phase hydrogen peroxide
(VPHPO) decontamination process were investigated by the group
headed by P. Kacer [10-14]. Polymer matrix-based methylene blue
sensors based on their spectra changing in VPHPO were devel-
oped.

The chemiresistive films made from organic p-type semiconduct-
ing phthalocyanines metalized with elements of p-, d-, and f-blocks
were sensitive to H,O, vapors [15].

A novel nonenzymatic H,O, sensor has been fabricated and in-
vestigated in paper [16]. By dispersing copper nanoparticles onto
polypyrrole (PPy) nanowires by cyclic voltammetry (CV) to form
PPy-copper nanocomposites on gold electrodes. It was proved
[16] that the PPy-copper nanocomposite showed excellent catalyt-
ic activity for the reduction of H,O,. The sensor showed a linear
response to hydrogen peroxide in the concentration range between
7.0x10° and 4.3x10° mol L-1 with high sensitivity, and a detec-
tion limit of 2.3x10° mol L-1. Experiment results also showed
that the sensor had good stability. A disposable amperometric bi-
osensor for commercial use to detect hydrogen peroxide has been
developed in [17]. The sensor is based on screen-printed carbon
paste electrodes modified by electropolymerization of pyrrole with
horseradish peroxidase entrapped. The facture techniques of fab-
ricating the enzyme electrodes are suitable for mass production
and quality control. The biosensor shows a linear amperometric re-
sponse to H,O, from 0.1 to 2.0 mM, with a sensitivity of 33.24pA
mM-! cm2. Different operational parameters of electropolymeriza-
tion are evaluated and optimized.

The preparation of an optical test strips for quantitative assay
of H,0, in an aqueous solution was carried out in [18]. Silver
nanoparticles(AgNPs) with good optical quality are synthesized
here by in-situ reduction of silver ions in the Nafion-117 mem-
brane. The nanocomposite membrane exhibits a narrow Localized
Surface Plasmon Resonance (LSPR) band at 413 nm. The extent
of decrease in intensity of the LSPR band in presence of H,O,
solution gives a quantitative estimate of H,O, concentration. The
detector showed a good analytical response towards H,O, detec-
tion at pH 7 over a wide concentration range. The detection limit
has been calculated to be 2.6 x 1078 mol L', which is lower than
the conventional enzyme-based biosensors. It is shown in that the
absorbance of oxidized tetramethylbenzidine at 652 nm is linear-
ly correlated with the concentration of H,0, [19]. H,0, acts as a
powerful oxidizing agent, so it could be applied in many organic
compound synthesis reactions [20].

Hydrogen Peroxide Sensors Made from Non-Organic Materi-
als

H,O, sensors made recently on perovskite, gold-decorated pyra-
midal silicon, haematite photoanodes, paper, spinach ferredox-
in on Au electrode, montmorillonite-supported copper sulfide
nanocomposites, europium functionalized inorganic hybrid ma-
terial [21-28]. Other materials are used like Ti,C,T (MXene)/Pt
nanoparticles-modified glassy carbon electrode for H,O,, pheo-
chromocytoma Cells Based on Pt-Au Bimetallic Nanoparticles
[29-30]. Microwave-assisted synthesis of PtAu@C based bime-
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tallic nanocatalysts for non-enzymatic H,0O, sensor was carried out
in [31]. A simple and sensitive Ce(OH)CO,/ H,0,/TMB reaction
system was used for the colorimetric determination of H,O, and
glucose [32]. FePt-Au ternary metallic nanoparticles with the en-
hanced peroxidase-like activity were used for ultrafast colorimet-
ric detection of H,O, [33].

A glassy carbon and indium tin oxide (ITO) electrodes have been
modified in with the nano TiO,~Au—KI film by the adsorption of
TiO, nanoparticles on the electrodes followed by the electrochem-
ical depositions of nano Au and KI film [34]. Further the nano
TiO,~Au-KI film modified ITO was examined. From the micro-
scopic results, the adsorbed nano TiO, particles size was found in
the range of 70—-100 nm. Here the electrochemical depositions of
nano Au were formed as a flower shape were in the size range of
230 nm to 1 mem. The electrochemical behavior of nano TiO,-
Au—KI film has been examined in different pH solutions. The lin-
ear range of detection for H,O, oxidation using nano TiO,~Au—KI
film was found as 1x107 to 1x10*M and 1x10°to 11077 M in
CV and differential pulse voltammetry (DPV) techniques. Differ-
ential pulse voltammograms of nano TiO, —~Au—KI film are shown
in Fig. 1. It shows the DPVs of nano TiO>—Au—KI film (pH 7 PBS)
for the different concentrations of H,O,. Here the DPVs were re-
corded by sweeping the potentials in the range of 0—0.9V at a pulse
amplitude of 50 mV,
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Figurel: Differential pulse voltammograms of nano TiO,-Au—KI
film modified GCE in pH = 7 (containing 1 x 10—3 M KI) with
various concentration of H,0, (a-g) 0, 1 x 10-9, 5 x 10-9, 1 x
10-8,2 x 10-8,5 x 10-8 and 1 x 10—7 M.

and a scan rate at 50mVs—1. Here the DPVs were recorded in
the concentration range of 1x107 to 1x107’M H,0O,, respectively.
Curve a—g in Fig. 1 shows the well-defined and stable anodic peak
current curves for H O, oxidation. These anodic DPV curves con-
firm the H,O, oxidation process on the TiO,~Au-KI film modified
GCE. Further the oxidation peak currents of H O, increase linearly
with the increasing concentration of H,O,, respectively.

The inset of Fig. 1 shows the current vs. concentration plot for the
electrocatalytic oxidation of H,O,. The above results show that the
nano TiO,~Au-KI film modified GCE is effective for the electro-
catalytic oxidation of H,O, in the nanomolar concentration range
by using DPV techniques.

The practical applications of nano TiO,~Au—KI film were evalu-
ated by analyzing the real samples such as antiseptic and contact

lens cleaner solutions containing H,0,.

Structurally integrated metal oxide intercalated layered double
hydroxide (LDH) nanospheres (NSs) hybrid material has been
of considerable current interest [35]. A new type of MnAl LDH
wrapped CuO (CuO@MnAl LDHs) NSs by anchoring CuO
nanoparticles (NPs) with MnAl LDHs via a facile co-precipitation
and hydrothermal approach was reported. Its practical application
as a high-efficient electrocatalyst towards H,O, reduction for bio-
logical application was explored. The integration of n-type spinel
of CuO and p-type semiconductive channels of MnAl LDHs can
accelerate electron transfer at the breakdown voltage of p-n junc-
tion. Owing to the synergistic effect of the high surface area of
CuO NPs, superb intercalation features of semiconductive MnAl
LDHs for encapsulating NSs, and their intrinsic p-n junction char-
acteristics, CuO@MnAl NSs have exhibited excellent electro-cat-
alytic activity towards the reduction of H,0,. When implemented
in the electrochemical sensor system, the CuO@MnAl NSs mod-
ified electrode displays high nonenzymatic sensing performances
towards H,O,, detection limit, good selectivity, and long term sta-
bility.

Hydrogen peroxide sensors were manufactured based on different
nanocomposites. Among them are Fe,O,-Fe,O,, chitosan-coated
Fe,0,, Au/Co,04-CeOx, CuWO,, Cu,O nanowire arrays on cop-

3

per, TaOx-based material in W/AL,O,/TaOx/TiN structure [36-41].

Nanosensors for Electrochemical Detection of H,O,

The main problem in sensors today is developing new semicon-
ductor gas sensors working at or nearby room temperature of
work body (practically without pre-heating it) and use of small-
size metal oxides sensors functionalized (decorated) with different
impurities, metal coatings or nanotubes, an effective way to in-
crease the specific surface area and conductivity and, as a result, to
exploit further advantages for nanoscale sensor applications [42].
We shortly reported in the results of investigations of zero dimen-
sional; one-dimensional nanorods and nanowires, two dimension-
al nanosheets and films; three-dimensional porous nanostructures;
three-dimensional nanostructures functionalized (decorated) with
nanotubes. We focused our attention on several gases as ethanol
(C,H,OH) and acetone (CH,COCH,) gases. We just mention be-
low dimensional effects in small-size sensors (so called nano-sen-
sors) for the detection of H,O, gas. Iron oxide nanorods array for
electrochemical detection of H,O, are reported in and molybde-
num disulfide nanosheets supported Au-Pd bimetallic nanoparti-
cles are proposed for non-enzymatic electrochemical sensing of
hydrogen peroxide, glucose, and cancer cells detectione [44].

Hollow-sphere Co,0, nanoparticles were successfully synthesized
[45-53]. The resulting Co,O, hollow sphere was exploited as an
electrocatalyst for sensitive H,O, detection in an alkaline medium.
The Co,0, hollow sphere modified glassy carbon electrode exhib-
ited a fast response time (within 3s), a high sensitivity of 120.55
pA/mM (959.79 mkA.mM-1cm-1), a broad linear range from 0.4
mM to 2.2 mM, a detection limit of 0.105 mM (S/N=3), and good
stability and selectivity, suggesting its excellent performance to-
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wards H,O, detection [46].

A rapid, reproducible, cost-effective approach for the detection
of H,O, has been developed in based on the change of localized
surface plasmon resonance (LSPR) peak of Au nanorods (NRs)
[54]. A method for detecting the concentration of H,O, based on
the change of LSPR of Au NRs was developed. H,0O, can etch
Au NRs due to higher standard redox potential. The absorption
spectra showed that various ratio of LSPR peaks is proportional
to the concentration of H O,, which suggested that Au NRs can

272
potentially serve as a new sensor for the detection of H,O,.

Graphene H,O, Sensors

Since the discovery of graphene, substantial interest has been
aroused to develop graphene gas sensors [55]. In high-quality sin-
gle-crystalline graphene sheets, the surface-to-bulk ratio reaches
100%, and structural imperfections can be eliminated. When gas-
eous molecules are adsorbed on graphene, the physical adsorption
and ensuing desorption are reversible and this process does not
cause structural distortion and property degradation. The general
working principle of a graphene sensor is when graphene is origi-
nally p-type doped, transferring electrons to graphene will reduce
graphene’s electrical conductivity, while transferring electrons
from graphene to molecules will increase graphene’s electrical
conductivity; when graphene is originally n-type doped (elec-
tron-rich), the outcomes discussed above will be reversed.

It is very promising to use heterosensors made from graphene to-
gether with other materials. We will mainly discuss below the use
of different heterostructures with graphene for H,O, gas detection.
Some new versions of such sensors are discussed recently [56-70].
A new electrocatalyst MnO,/graphene oxide hybrid nanostruc-
ture was synthesized for the detection of H,O, [71]. The MnO,/
graphene oxide-based electrodes showed high electrochemical ac-
tivity for the detection of H,O, in an alkaline medium. The GO/
MnO, electrode presents high sensitivity, low potential and long-
term stability towards the detection of H,O,. The amperometric
response of the graphene oxide/MnO, electrode to H,0, is shown
in Fig. 2.

(b)

Current (uA)

0 1 2 3
Concentration (mM)

Figure 2: Amperometric response of the graphene oxide/MnO,

electrode upon addition of H,0, at —0.3 V. (b) The corresponding

calibration curve between the current response and concentration
of H,0,.

The preparation of NiO/graphene (NiO/GR) nanocomposite for
the determination of H,O, was reported in [72]. The electrocat-
alytic behaviors towards H,O, are investigated by cyclic vol-
tammetry and chronoamperometry in alkaline aqueous solution.
High electrocatalytic activity toward the oxidation of H,O, was
observed with a detection limit of 0.7664 uM, high sensitivity of 5

91 pAmM-1 cm-2, a wide linear range of 0.25—4.75 mM.

A novel nonenzymatic, amperometric sensor for H O, was devel-
oped in based on an electrochemically prepared reduced graphene
oxide (rGO)/zinc oxide (ZnO) composite [73]. RGO/ZnO com-
posite was fabricated on a glassy carbon electrode (GCE) by a
green route based on simultaneous electrodeposition of ZnO and
electrochemical reduction of graphene oxide (RGO). The electro-
chemical performance of the rGO/ZnO composite modified GCE
was studied by amperometric technique, and the resulting elec-
trode displays excellent performance towards H,0, at =0.38 V in
the linear response range from 0.02 to 22.48 mM, with a correla-
tion coefficient of 0.9951 and a short response time (<5 s). The
proposed sensor also has good operational and storage stability
with appreciable anti-interfering ability.
Let us continue short description of H O, sensors using graphene
and graphene oxide. The catalytic activity of N-doped graphene
toward a peroxidase substrate oxidation in the presence of H,O, is
presented in [74]. In addition, the activity was compared with that
of metallic nanoparticles decorated-graphene, achieved either by
catalytic chemical vapor deposition with induction heating or by
chemical reduction of graphene oxide (rGO). From all investigated
graphene-based nanomaterials, the highest activity was exhibited
by N-doped graphene and gold nanoparticles supported on chem-
ically reduced graphene oxide. Doping the graphene surface with
nitrogen atoms led to a nanomaterial with a better affinity toward
H,0, compared to the natural enzyme. Additionally, the systematic
study of the catalytic activity for a variety of graphene-based nano-
materials offered important findings for designing new nanomate-
rials with peroxidase-like activity. The sensing applications pre-
sented here are offering a useful comparison of the peroxidase-like
ability of a large variety of graphene-based nanomaterials. The re-
sults are showing that the oxidation of benzidine derivatives in the
presence of H O, by graphene nanocomposites is mainly due to the
known catalytic activity of the superficial metallic nanoparticles
and/or the residual functional groups existing in the chemically
obtained graphene-based composites. Moreover, in comparison
with natural enzymes, doping the graphene surface with nitrogen
atoms (N-Gr) led to the formation of a promising platform for
building new enzyme mimic nanomaterials.

Graphene oxide nanoribbons (GONRs) were synthesized in the
work via the longitudinal unzipping of multi-walled carbon nano-
tubes (MWCNTs) nanoparticles with the aid of strong oxidants
[75]. TheMnO,/reduced graphene oxide nanoribbons (MnO /rGO
NRs) composites were fabricated by means of a reproducible and
single-step hydrothermal co-reduction of KMnO, and GONRs.
MnO,/rGONRs exhibited high electrochemical response toward
H,0,.

The developed nonenzymatic electrochemical sensor exhibited a
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well-defined amperometric response towards H,O, in a wide linear
range of 0.25-2245 M (see Figure 3), and a detection

40
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Figure 3: The corresponding calibration curve of the MnO,/

GNRs/GCE in the HPO concentration range of 0.25-2455 M. lim-

it of 0.071 M (S/N=3) could be obtained. The proposed sensor

displayed excellent electrochemical analytical performance, ac-

ceptable reproducibility, high accuracy, and great anti-interference

ability.

Au nanoparticles and reduced graphene oxide (rGO) co-modified
TiO, nanotube arrays (TNTs) were prepared in [76] by the elec-
tro-deposition technology for detecting H,0,, O,, and NO. A highly
ordered TiO, nanotube was synthesized based on the anodic oxida-
tion method, and Au nanoparticles in reduced graphene oxide were
electro-deposited on the membrane to fabricate an electrochemical
electrode. The established Au/r-GO/TNTs electrode is as a novel
electrode system for H,O, detection with a quick response H,0, at
—0.3 V with high sensitivity (1011.35 mA M'cm™), wide linear
range (0.01-22.3 mM), low detection limit (0.006 mM), good sta-
bility and enzyme-like selectivity. In addition, it holds great prom-
ise to the preparation of electrochemical sensing and biosensing
platform based on the electrocatalytic behaviors of different kinds
of important electroactive compounds such as dissolved O, and
nitrite ions. As is demonstrated in [55], rGO sheets are unique-
ly advantageous to serve as conductive support to uniformly an-
chor Au nanoparticles with well-defined size and shapes, in which
the agglomeration of Au nanoparticles in the common electrode
is avoided. Based on the particular architecture and novel perfor-
mance, the Au/rGO/TNTs hybrid could be an extremely promising
candidate applicable for a wide range of electrochemical sensing
and biosensing applications.

Series of FeVO4 materials with different morphologies were pre-
pared in through a facile hydrothermal method and were studied as
peroxidase mimics [77]. The different pH values during the prepa-
ration process led to different crystal structures, morphologies,
and peroxidase-like activities of the as-prepared FeVO4 products.
FeVO, nanobelts exhibited good selectivity, reproducibility, long-
term stability, and easy recovery property benefited from its chem-

ical stability and magnetic property. This work provides a novel,
fast response, low cost, accessible, and highly sensitive system for
visual detection of H,O,.

Nanozyme, as the next-generation artificial enzyme, has attracted
wide interest in recent years [58]. Compared with natural enzymes,
nanozyme, with their advantages of high stability against denatur-
ing, low-cost, easy storage, and treatment is attractive and prom-
ising candidate in chemical sensing, immunoassay development,
cancer diagnostics and therapy, and environmental protection [59].
At present, a large number of nanoparticle (NP) artificial enzymes
have been constructed to mimic natural enzymes, including iron
oxide-based NPs with peroxidase and catalase-like activities, ce-
rium oxide-based nanomaterials with oxidase, catalase and SOD
mimetic properties, cobalt oxide ones that are peroxide and cata-
lase mimics, copper oxide and manganese dioxide nanomaterials
that display oxidase-like activity, vanadium pentoxide peroxixdase
mimics [68], and metal/bimetal-based and carbon-based NPs with
oxidase, peroxidase, and SOD mimetic activity [60-70].

A new V,0, nanozyme-based colorimetric assay has been devel-
oped for H O, and glucose detection. Under the optimal reaction
conditions, the method showed good responses toward H,O, with a
linear range from 1 to 500 mM. The result shows that the proposed
assay method for H,O, and glucose based on V,0O, nanozyme has a
wide linear range, and is simple, fast, and sensitive.

It is reported about montmorillonite-loaded ceria nanocomposites
with superior peroxidase-like activity for rapid colorimetric detec-
tion of H,O, in [70].

Optical and Fluorescent Probes for Hydrogen Peroxide Detection
Rapid and sensitive detection of hydrogen peroxide in milk by an
enzyme-free electrochemiluminescence sensor based on a poly-
pyrrole-cerium oxide nanocomposite was proposed in [78]. High-
ly sensitive electrochemiluminescence detection of mucinl based
on V,0, nanospheres as peroxidase mimetics to catalyze H,O,
for signal amplification realized in [79]. An efficient Horseradish
peroxidase chemiluminescence biosensor with surface imprinting
based on phenylboronic acid-functionalized ionic liquid@mag-
netic graphene oxide was manufactured in [80]. Europium-doped
GdVO, nanocrystals as a luminescent probe for hydrogen peroxide
and for enzymatic sensing of glucose were investigated in [81].
Rational designed benzochalcone-based fluorescent probe for mo-
lecular imaging of hydrogen peroxide in live cells and tissues was
realized in [82]. A cyclic signal amplification strategy to fluores-
cence and the colorimetric dual-readout assay for the detection
of H,0,-related analytes and application to the colorimetric logic
gate was developed in [83]. IR-780 dye-loaded chemiluminescent
organic nanoparticles with near-infrared emission for hydrogen
peroxide detection, and imaging were investigated in [84]. Optical
Waveguides and Integrated Optical Devices for Medical Diagno-
sis, Health Monitoring and Light Therapies were proposed in [85].
Different probes were proposed in [86-89].

Sensors Made of Porous Hydrogen Peroxide
Hydrogen peroxide sensors based on porous silicon are reported in
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[90-94]. Electrosynthesis of gold nanoparticles/porous GaN elec-
trode for non-enzymatic hydrogen peroxide detection was carried
out in [95]. Hydrogen peroxide sensors made from other porous
composites are reported in [96-98]. Palladium nanoparticles sup-
ported on mesoporous silica microspheres for enzyme-free amper-
ometric detection of H,O, were released from living cells [99].

Sensors Made from Carbon Dots, Fibers, and Spheres
One-Step Hydrothermal Synthesis of N, Fe-Codoped Carbon Dots
as Mimic Peroxidase and their Application on Hydrogen Perox-
ide and Glucose Detection was carried out in [100]. Let us men-
tion also that one pot synthesis of nitrogen-doped hollow carbon
spheres with improved electrocatalytic properties for sensitive
H,0, sensing in human serum was carried out in [101]. Enhanced
selectivity and stability of ruthenium purple-modified carbon-fiber
microelectrodes for detection of hydrogen peroxide in brain tissue
was reported in [102].

Single-And Multiwalled Carbon Nanotubes in The Detection
of Hydrogen Peroxide

Room temperature monitoring of hydrogen peroxide vapor using
platinum nanoparticles-decorated single-walled carbon nanotube
networks was carried out in [103]. Hydrodynamic chronoampero-
metric determination of hydrogen peroxide was carried out using
carbon paste electrodes coated by multiwalled carbon nanotubes
decorated with MnO, or Pt particles [104].

H,0O, sensing enhancement by mutual integration of single-walled
carbon nanohorns with metal oxide catalysts was shown in [105].
Electrocatalytic reduction of hydrogen peroxide by silver parti-
cles patterned on single-walled carbon nanotubes was discussed
in [106].

Hydrogen Peroxide Sensors Made from Carbon Nanotubes
Our investigations of gas sensors made from different metal oxide
composites with carbon nanotubes (CNTs) shown the following:
1. Use of pristine CNT as sensors does not promising.

2. Functionalization of CNTs can be made with organic materi-
als. Hyper sensibility and selectivity of detection of CO,, NH,,
O,, Cl, HCI, dimetyldimetylphosphate observed by CNT
nanocomposites, covered with polyethylene, polyanylyne,
and polypyrrol [107-114].

3. CNTs, decorated with Pd, Rh, Au and Ni nanoparticles are
suggested for detection of H,S, CH,, H,, CO, O,, C.H,, NH,,
NO,, and C,H,OH up to their ppb level.

4. Special interest is attended to the investigation of possibili-
ties of manufacture of CNT functionalized (decorated) with
different metal oxide composites. Most of its are carried out
by CNT, decorated with SnO,. Modifications of such nanosen-
sors surface with precious metals led to remarkable improve
of the sensitivity and selectivity of sensors.

5. Sensibilisation of CNT- SnO, composites in water solutions
of Ru (OH) Cl, leads to high response to hydrogen as well as
to synenergistic effect during detection of isobutene and the
lowering of the temperature of pre-heating of work body of
sensors up to 150-2000C. Such sensors are sensitive also to
vapors of VOC gases (acetone, toluene, ethanol and metha-
nol) at approving the same temperatures of pre-heating.

6. Thin film (including 1D film) nanosensors of ethanol vapors

were manufactured on the base of CNT-Fe,O, solid solutions.
Sensors of H,, NOx and CO were manufactured from CNTs
with cobalt oxide, Col-xNxFe,0,, CuO and WO,.

7. Substantial interest invokes research and development of
nanosensors working without pre-heating of their work body
(at room temperature). 10%- SnO, ~CNT nanocomposites
sensor detected ammonia and NO,. Doping of CNT with N
and B and its synthesis with metal oxide SnO, allowed dra-
matically increase the conductivity of the nanosensor and re-
sponse to CO and NO,. Nanosensors made from Co,O,- SnO,
and Pt/TiO,/CNT were sensitive to H,, NH, and O, on the 20
ppb level of gas concentration.

8. Nanosensors made from all mentioned composites CNT-met-
al oxides had the lowest response and shorter times.

9. [Tt is clear that the doping of metal oxides with CNTs leads to
greater sensitivity to gases, better speed to response of nano-
sensors and a lowering of temperature of pre-heating of their
work body (up to room temperature, when the pre-heating is
not necessary). Possible mechanisms of the response of de-
veloped sensors to gases are discussed. Doubtless, that differ-
ent types of conductivity of CNTs and metaloxides, change
in the work function (high of potential barrier), modulation
of formed heterujunctions should be take into account at the
analysis of complicated processes and phenomena in gas sen-
sitive structures reported above.

Solid-state VPHP sensors made from doped metal oxide ZnO<-
La> and SnO,<Co> were prepared in [115] for detection of H,O,
vapors. Ceramic targets made from metal oxide ZnO doped with
1 at. % La or SnO, doped with 2 at. % Co were synthesized by the
method of solid-phase reaction in the air. The following program
of annealing for the compact samples of ZnO<La> was chosen:
the rise of temperature from room temperature up to 1300 °C for
three hours, soaking at this temperature for four hours, further de-
crease in the temperature for three hours prior to room tempera-
ture. The annealing of the compacted samples SnO,<Co> was car-
ried out at 500 °C, 700 °C, 1000 °C and 1100 °C consecutively,
soaking at each temperature for five hours. Then, the synthesized
compositions were subjected to mechanical treatment in the air in
order to eliminate surface defects. Thus, smooth, parallel targets
with a diameter ~ 40 mm and thickness ~2 mm were manufac-
tured. The prepared ZnO<La> and SnO,<Co> targets had suffi-
cient conductance and were used for the deposition of nanosize
films. Multi-Sensor-Platforms (purchased from TESLA BLATNA,
Czech Republic) are used as substrates. The platform integrates a
temperature sensor (Pt 1000), a heater and interdigitated electrode
structures with a platinum thin film on a ceramic substrate. The
heater and the temperature sensor are covered with an insulating
glass layer.

Gas sensitive layer made from ZnO doped with 1 at. % La or SnO,
doped with 2 at. % Co was deposited onto the non-passivated elec-
trode structures using the high-frequency magnetron sputtering
method.

The measurements of the manufactured sensors’ response (the sen-
sor resistance changes under the influence of H,O, vapors) were
carried out at different concentrations of H,O, vapors. The sensor
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work body temperature was varied from room temperature up to
350 °C. All measurements were carried out at the sensor applied
voltage of 0.5 V. The thicknesses of the ZnO doped with 1 at. %
La and SnO, doped with 2 at. % Co films were equal to 30 nm and
160 nm, respectively. The average size of nanoparticles was equal
to 18.7 nm for both compositions. The sensors manufactured by
us are resistive. The operation of this type of sensors grounds on
the changes in the electrical resistance of gas-sensitive semicon-
ductor layer under the influence of H,O, vapors due to an exchange
of charges between molecules of the semiconductor film and ad-
sorbed H,0O, vapors.

The gas sensing properties of the prepared resistive type gas sen-
sors made from doped metal oxide films under the influence of
VPHP were investigated using a computer-controlled static gas
sensor home-made test system [114]. The sensor was placed into
a hermetic chamber. A certain quantity of the H O, water solution
(10 mg) was injected in the measurement chamber. Different con-
centrations of HPV (from 100 ppm up to 4000 ppm) were reached
in the chamber depending on the percentage content of the H,O,
water solution.

The measurements of the manufactured sensors’ electrical resis-
tance under the VPHP influence were carried out at different oper-
ating temperatures. The platinum heater located around the active
surface of the sensor on Multi-Sensor-Platform ensures a neces-
sary temperature of the working body. The sensor on the alumina
substrate is placed on the heater which allows to rising temperature
of the sensor’s working body. All measurements of the electrical
resistance were carried out at 0.5 V DC voltage applied on the
sensor’s electrode.

The typical response-recovery curves obtained as a result of these
measurements for sensors with Zn0 ,,.,La, . sensitive layer are
presented in Fig. 4. These films were deposited on alumina sub-
strate during 15 minutes (Fig. 4a) and 30 minutes (Fig. 4b) and
their thicknesses were equal to 80 nm and 210 nm, respectively.
These characteristics demonstrate the change in the sensor’s elec-
trical resistance under the influence of 1800 ppm VPHP at different

operating temperaturea.
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Figure 4: Response-recovery curves observed under the influence
of 1800 ppm VPHP (4245 % RH) measured 808 at different op-
erating temperatures for the Zn0 0. 9929La 0.00710 sensors with
films thicknesses of 80 nm (a) and 210 nm (b).

As aresult of the measurements of sensing characteristics, the sen-
sor response was calculated as the ratio RHPV/Rair, where RHPV
is the sensor electrical resistance in the VPHP atmosphere and Rair
is the sensor resistance in the air without VPHP. The results of such
calculations of response for the SnO,<Co> sensor are presented in
Fig. 5. These measurements were carried out under the influence
of 100 ppm VPHP at different working body temperatures

Figure 4: Response-recovery curves observed under the influence
of 1800 ppm VPHP

(42-45 % RH) measured at different operating temperatures for the
Zn0 La sensors with films thicknesses of 80 nm (a) and
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Figure 5: Response-recovery curves observed under the influence
of 100 ppm HPV (42-45 % RH) measured at different operating
temperatures for the SnO,<Co> sensor. Dependence of the sensor
response on operating temperature (in insert).

The results of investigations of the dependence of the sensor re-
sponse on operating temperature for sensors with the La-doped
ZnO gas-sensitive layer are presented in Fig. 6. The concentration
of target gas was 1800 ppm in these measurements. At a rela-
tively low operating temperature (150 °C), the best response was
observed for the structure with a larger contents of impurity
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Figure 6: Dependence of the response to 1800 ppm of VPHP on
operating temperature for the Zn0,,,,La, ., sensors on alumina
substrate with films thicknesses of 80 nm (1) and 210 nm (2) and
for the sensor with Zn0,..La ., films deposited on Multi-Sen-
sor-Platform (3). (Zn0,,..,La,, ,.,)- At higher temperatures, sen-
sor with more thick film shows larger response. Probably a longer
sputtering time allows obtaining a thicker film with a more perfect

structure. Besides the roughness of the films’ surfaces is the same
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since these sensitive layers were made under identical conditions.
However, the working volume and, accordingly, the number of
H,0, molecul'es participating in the charge exchange process are
larger for a thicker film.

Note, the electrical resistance of the prepared ZnO<La> sensors
has changed in order of magnitude under influence of VPHP start-
ing at the operating temperature of 100 °C. However, a longer time
is needed for the recovery of the sensors parameters at such tem-
perature. The pulsed rise in the working body temperature needed
for decreasing of the recovery time of the investigated sensors.
The response and recovery times were determined when the time
required for reaching the 90 % resistance changes from the corre-
sponding steady-state value of each signal. For SnO,<Co> struc-
ture both the response and recovery times were equal to 5 minutes
at temperatures more than 200 °C. For the ZnO<La> sensors the
response and recovery times were an average equal to 6-8 min-
utes and 10-12 minutes, respectively, at the operating temperatures
more than 200 °C. The real response times may be less than the
mentioned values. This is due to the fact that, as was already noted,
10 mg of an aqueous solution with a certain percentage content of
H,0, is injected in the measuring chamber in order to obtain the
appropriate concentration of VPHP. The response time of the sen-
sor, calculated from the moment when the H,O, water solution is
injected in the chamber until the maximum response reaches 90%
As shown in Fig. 5 and Fig. 6, the sensor response decreases for
both structures, when the temperature of the working body exceeds
some certain value (250-300 °C and 200 °C for La-doped ZnO
and Co-doped SnO, sensors, respectively). The number of vapor
molecules adsorbed on a surface and generally kept by Van der
Waals forces (physical adsorption), decreases with the increasing
of temperature. More intensive exchange of electrons between the
absorber and the absorbed molecules takes place when the stron-
ger chemical nature bond is established between them, originated
at capping of electronic shells of both adsorbent and adsorbate at-
oms. The amount of chemisorbed centers increases with increasing
in temperature. Desorption prevails over the adsorption when a
temperature is increased above a certain value and, therefore, the
sensor response decreases. The temperature of the sensors made of
ZnO<La> structure, above which the sensitivity decreasing occurs,
is greater than for the sensors made of SnO,<Co> structure. Prob-
ably, the chemical bonds between molecules of ZnO and H,O, are
stronger that those between molecules of SnO, and H,O,. The fact
that the recovery time for sensors made of Co-doped SnO, is less
than that for La-doped ZnO sensors also testifies the above-men-
tioned. which the sensitivity decreasing occurs, is greater than for

the sensors made of SnO,<Co> structure. Probably, the chemical
bonds between molecules of ZnO and H,O, are stronger than that
between molecules of
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Figure 7: a) Response-recovery curves observed under the influ-
ence of 10 ppm VPHP measured at 220 °C operating temperatures
for the Zn0 ,,,,La, ., Sensor and Driger Sensor. b) Response-re-
covery curves observed under the influence of 75 ppm VPHP mea-

sured at 200 °C operating temperatures for the SnO,<Co> sensor.

SnO, and H,O,. The fact that the recovery time for sensors made
of The permissible limit of exposure of 1,0 ppm is immediately
dangerous for life and health when its concentration reaches 75
ppm. Therefore, it was necessary to investigate the gas sensing
characteristics of prepared sensors made from doped metal oxide
films at low concentrations of VPHP.

Such measurements of the sensing properties of the prepared sen-
sors with La-doped ZnO and Co-doped SnO, sensitive films de-
posited on Multi-Sensor-Platforms were carried out at less than
100 ppm concentrations of VPHP. The results of these investiga-
tions are presented in Fig. 7. and Fig. 8. The measurements of the
sensing characteristics of the sensors with Zn0 . .La, ., sensi-
tive layer to 10 ppm VPHP were carried out in the following way.
Firstly, an atmosphere containing 10 ppm of VPHP was prepared
in a laboratory model of an isolator. This VPHP concentration de-
creased by spontaneous decomposition of H,O,. When a reference
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device (Dréager Sensor® H,O, HC) could not detect any VPHP, the
ZnO<La> sensor was inserted into the model isolator. Then, the
sensor responded immediately. When the maximum response was
reached, the sensor was taken out into an atmosphere without any
traces of VPHP. This process was repeated three times (Fig. 7a).
In these studies, a voltage on the sensor at direct current is used
as a parameter for sensing characteristics. The measurements of
the sensing characteristics under the influence of 75 ppm VPHP
were carried out using the same way for the SnO,<Co> sensors
(Fig. 7b).

The temperature dependence of sensing parameter (or voltage on
the sensor) under the influence of 10 ppm VPHP has investigat-
ed for the SnO,<Co> sensors. For these measurements, the atmo-
sphere in the “Peroxybox” system developed in the same Institute
in Prague was controlled (0-10 ppm VPHP and 20-23 % RH) and
the sensor’s temperature was changed. The final sensitivity was
calculated as the voltage on the sensor in “Peroxybox” system
VPHP divided by voltage on sensor in the air Vair (Fig. 8a). The
temperature dependence of sensing parameter under the influence
of 100 ppm VPHP was investigated using the same way for the
ZnO<La> sensors (Fig. 8b).

The investigations of the prepared sensors under the influence of
low concentrations of VPHP showed that the sensitivity (VHPV/
Vair) to 10 ppm of H VPHP was equal to ~ 2 for the ZnO<La>
sensors at the working body temperature of 220 °C. Note that the
DrigerSensor® H,O, HC reference device was not sensitive to 10
ppm of VPHP (Fig. 7a). The investigations of the sensors sensitiv-
ity’ to very low concentrations (0-10 ppm) of VPHP showed that
the structure made of SnO,<Co> exhibits a response to 10 ppm of
VPHP at the operating temperature starting from 50 °C (Fig. 8a).
The sensitivity to 10 ppm of VPHP was equal to ~ 3 for the SnO,<-
Co> sensors at the working body temperature of 200 °C.
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Figure 8: a) The temperature dependencies of voltage on sensor
and sensitivity (VHPV/Vair) for SnO,<Co> sensor measured un-
der the influence of 10 ppm VPHP (20-23 % RH) at 200 °C op-
erating temperature. b) The temperature dependencies of voltage

on sensor and sensitivity (VHPV/Vair) for Zn_,.La, ., sensor

measured under the influence of 100 ppm VPHP at 220 °C operat-
ing temperature.
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Figure 9: Response of sensors on the concentration of H,0O,.

So, it was found that both Co-doped SnO, and La-doped ZnO sen-
sors exhibit a good response to VPHP starting at 100 °C operating
temperature. Sensors made from SnO,<Co> and ZnO<La> were
sufficiently sensitive to 10 ppm of VPHP. It was established that
the dependencies of the response on VPHP concentration at the
operating temperature of 150 °C have a linear character for pre-
pared structures and can be used for the determination of VPHP
concentration.

Breath Biomarkers for Various Diseases

The breath analysis is a promising method for rapid, inexpensive,
non-invasive disease diagnosis and health monitoring owing to the
correlative relationship between breath biomarker concentrations
and abnormal health conditions. Breath biomarkers for various
diseases are listed in Table 1 of the papers [116, 117].

Hydrogen peroxide is normally present in exhaled breath. Activa-
tion of airway epithelial and endothelial cells, neutrophils, alveolar
macrophages, and eosinophils leads to the production of superox-
ide radicals and hence H,O, production in airway inflammation.
Note also that H,O,with its neutral and low molecular weight al-
lowing it to cross membranes to exit into the extracellular spaces.
But it is less stable than other oxidative stress markers such as the
isoprostanes. H,O, is volatile thus its presence can be easily detect-
ed in exhaled beam condensate (EBC) as a marker of pulmonary
inflammation and oxidative stress.

Many studies analyzing exhaled breath condensate (EBC) of H,O,
have used spectrophotometric assays, fluorimetric assay, injec-
tion analysis with fluorescence detection by chemiluminescent\
methods, and by immediate online analysis with a commercially
available amperometric biosensor of Ecocheck, Jaeger, Germa-
ny. Although chemiluminescent methods have high sensitivity,
detecting H,0, in the nanomolar range, they are limited by poor
day-to-day precision and typically require expensive equipment,
which may not be present during routine clinical studies. Note that
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all mentioned methods are rather expensive and cannot use out
of medical hospitals. To overcome the challenges associated with
spectroscopic and/or MS techniques for breath analysis of respira-
tory diseases, semiconductor chemical sensors have been adopted
[118-124].

We have to take into account that H,O, has significant increase in
exhales breath, compared to healthy subjects, in patients with asth-
ma, chronic obstructive pulmonary disease (COPD), bronchiecta-
sis, acute respiratory distress syndrome, interstitial lung disease
[116, 117]. Breathing patterns must be taken into consideration
with all EBC H,0O, measurements.

It was mentioned above that H,O, is elevated in exhaled air con-
densate of ill peoples with stable asthma, and may reflect airway
inflammation [125]. Exhaled air condensate has been proposed as
a noninvasive means of obtaining samples from the lower respira-
tory tract, based on the hypothesis that aerosol particles excreted
in breath may reflect the composition of the lower airway fluids
[126]. Inflammatory cells produce H,O,, which causes lung in-
flammation and damage [127,128]. Indeed, increased content of
H,0, has been described in various inflammatory lung disorders:
in exhaled air of cigarette smokers [129]; patients with adult re-
spiratory distress syndrome (ARDS) [130-131]; and patients with
acute hypoxaemic respiratory failure [132].

The study in demonstrated a significantly increased concentration
of H,O, in exhaled air condensate from stable asthmatic children
compared to healthy controls. Correlation of H,O, in exhaled air
condensate with invasive measures of airway inflammation, such
as bronchial biopsies, is needed to validate the hypothesis that ex-
haled peroxide reflects airway inflammation [133]. The concentra-
tion of H,O, in exhaled air is a potentially useful marker of airway
inflammation in asthmatics, especially since the procedure is quick
and easy to perform. Further studies should explore its value as a
noninvasive test, e.g. for monitoring the effects of anti-inflamma-
tory therapy [133]. The study has shown that the concentration
of H,0, in exhaled air condensate is increased in stable asthmatic
children, and lower in patients receiving anti-inflammatory treat-
ment, suggesting that airway inflammation increases exhaled per-
oxide. Correlation of H,O, in exhaled air condensate with invasive
measures of airway inflammation, such as bronchial biopsies, is
needed to validate the hypothesis that exhaled peroxide reflects
airway inflammation. The concentration of hydrogen peroxide in
exhaled air is a potentially useful marker of airway inflammation
in asthmatic children, especially since the procedure is quick and
easy to perform.

Low-dose CT followed by bronchoscopy in lung cancer is still the
main standard procedure in the diagnosis and monitoring process
despite high number of false-positive cases. Sensor technology for
breath analysis may solve this problem and reduce the number of
false positives. As it was shown in [134], investigations of sen-
sors in exhaled breath condensate (EBC) allow non-invasive mon-
itoring of inflammation in the lung. Activation of inflammatory
cells results in an increased production of reactive oxygen species,
leading to the formation of H,O,. Cigarette smoking induces an
inflammatory response in the airways that may play a key role in

the pathogenesis of COPD. Investigations carried out in are shown
that the concentration of H,O, was 2.6 times higher in the airway
versus the alveolar fraction [134]. Airway H,O, was twofold high-
er in smokers and fivefold higher in COPD patients compared to
non-smokers.

Many lung diseases cause inflammation at different sites of the
lung, therefore fractionated sampling of EBC can reduce variabil-
ity and maintain an anatomical allocation of the exhaled biomark-
ers. Inflammatory processes in the lung elicit so-called oxidative
stress, meaning that the integrity of the lung is jeopardized by ox-
idants, and the latter process is supposed to play an important role
in the development of COPD [135, 136]. Oxidative stress is known
to be increased in both stable and unstable COPD patients, due
to either exposure to exogenous oxidants as present in cigarette
smoke, in air pollution or as enhanced endogenous production
of H,0O,. Excessive production of oxidants may lead to oxidative
damage to the tissue [137, 138]. Sputum induction has been used
for studying airway inflammation, but because of the risk of aggra-
vating the exacerbation, induced sputum may not be appropriate
during exacerbation [139].

Increased levels of exhaled hydrogen peroxide in EBC of smoker
and COPD patients were reported previously [129-141]. The high-
er release of H,O, in the airways compared to the alveolar space is
not similarly evident. It may depend on the inhalation of environ-
mental particles with preferred deposition in the airways. Because
of the much smaller surface area of the airways compared to the
alveolar space, the airways have an up to 10-fold higher density of
deposited particles [142, 143]. These particles, although cleared
by more efficient mechanisms, can stimulate defense cells to cause
low-level oxidative stress and the release of H,0, [144-146]. EBC
provides a non-invasive means of sampling the lower respiratory
tract [147].

Non-invasive measurements of characteristics of H,O, sensors in
EBC is useful to detect the oxidative destruction of the lung as
well as early inflammation of the airways in a healthy individu-
al with risk factors and comparing the inflammatory response to
treatment [148, 150]. This study helps to validate the analysis of
EBC by measuring hydrogen peroxide (H,O,) concentration in
healthy non-smokers, smokers, diseased, and also comparing the
response to treatment. Inflammatory cells release H,O,, which can
be detected in EBC in a measuring chamber containing biosen-
sors [134]. Elevated levels of H,O, have been found in a number
of respiratory disorders, thus H,O, is considered to be a possible
biomarker of airway inflammation. H,O, was one of the most com-
monly studied markers in EBC [151, 152]. The lung is constantly
exposed to oxygen, so highly susceptible to oxidative stress in the
form of reactive oxygen species (superoxide ion, hydroxyl radical,
and hydrogen peroxide). These reactive oxygen species are pro-
duced by active inflammatory cells like neutrophils, macrophages,
activated eosinophils, epithelial cells, and endothelial cells [153].
Exhaled H,O, was 5 x 104 times lower than H,O, produced in the
alveolar lining fluid. This difference was attributed to the presence
of antioxidants in the lining fluid of the lower respiratory tract. The
level of H O, in exhaled breath condensate of smokers is increased

half-hour 2af%er combustion of one cigarette. The levels of H,O,
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were elevated in healthy smokers and also in healthy non-smokers
who are residing an urban area compared to those of rural area.
These elevated levels can be attributed to constant exposure to ve-
hicle and industrial pollution. Levels of H,O, also correlated with
eosinophils differential counts in induced sputum. Bronchiectasis,
a suppurative lung disease, is characterized by significant pul-
monary oxidant stress that can be measured using exhaled breath
H,O,. Patients with bronchiectasis displayed exhaled H,O, levels
higher than normal controls. In the studied cases of bronchiectasis,
H,0O, was raised significantly with a reduction in the levels follow-
ing treatment. Patients with rheumatoid arthritis with interstitial
lung diseases had increased levels of exhaled H,0,, suggesting
that EBC H,O, is a potentially useful biomarker.

The measurement of the H,O, marker EBC can be used routine-
ly for 1) early prediction of the ongoing inflammatory process in
healthy individuals who are exposed to risk factors, ii) early tool
of assessing exacerbation of the lung condition and to reduce the
morbidity, iii) as a marker in assessing the inflammatory response
to treatment. Hence, the detection of H O, in EBC can be used for

272
routine clinical practice and research activities.

As was mentioned above, the analysis of H,O, in EBC has sev-
eral advantages over other methods for assessing lung inflamma-
tion [154]. The identification of selective profiles of inflammatory
markers in EBC might also be of diagnostic value in patients with
COPD. Such analysis is completely non-invasive. Analysis of
EBC has shown an influence of apocynin inhalation on H,O, pro-
duction in comparison to placebo inhalation [153]. H,O, concen-
tration after 60 minutes of apocynin inhalation was significantly
lower. Apocynin caused a significant decline of H,O, concentra-
tion, not causing any side effects. Therefore, the inhibitory of this

drug act as a strong anti-inflammatory agent.

Another method of determining the degree of oxidative stress is
the collection of exhaled breath condensate (EBC) and the analysis
of H,0, [155-157]. H,O, biological markers have been identified
in EBC, which play a role in inflammatory processes [157-160].
EBC- H,0O, was higher during exacerbation than during stable
disease in COPD patients and inhaled antioxidants and cortico-
steroids can reduce the level of exhaled H,0, [161, 162]. In addi-
tion, EBC-pH has provided data supporting the important role of
acidic stress in respiratory diseases [163]. EBC- H,0O, was higher
during exacerbation than during stable disease in COPD patients
and inhaled antioxidants and corticosteroids can reduce the level
of exhaled H,O, [164 - 168]. In addition, EBC-pH has provided
data supporting the important role of acidic stress in respiratory
diseases [169].

The concentration of the biomarkers and H,O, in exhaled breath
condensate in healthy and disease shows great variation among
subjects and among laboratories [170]. Respiratory symptoms
were obtained using a questionnaire [165] and pulmonary func-
tion parameters were measured by spirometry and body plethys-
mography (Jager Masterlab, Erich Jaeger GmbH, Hoéchberg, Ger-
many) [166]. Exhaled breath condensate was collected using the
ECoScreen-2 (Filt GmbH, Berlin, Germany). Because the ECo-
Screen-2 device does not store the flow profile of each breath and

because we wanted to visualize the breathing on a PC monitor,
an additional spirometer device (Spiro Pro, Erich Jaeger GmbH,
Hochberg, Germany) was coupled between ECoScreen-2 and the
subjects mouth piece. Flow and volume were recorded continuous-
ly and analyzed for tidal volume and exhalation flow rates.

Chemical sensors for breath analysis of cancer based on chemire-
sistors using gold nanoparticles (GNPs) and/or SWCNTs are the
most examined sensing technologies for cancer-based detection
by breath sampling. Using these sensor arrays, Peng et al. [134]
and Nakhleh et al. [135] showed their use in detecting and clas-
sifying many types of cancer, opening a window for developing a
multi-applicable sensor technology for clinical practice. Sensors
for breath detecting pulmonary arterial hypertension; obstructive
sleep apnoea syndrome; cystic fibrosis, and tuberculosis from ex-
haled breath are also reported in the paper [136]. Carbon black
polymer composite, MO-metal oxide, single-walled carbon nanto-
tubes, silicon nanowire field effect transistors, monolayer-capped
metal-coated nanoparticles as well as quartz microbalance devices
were used. Note also that graphene dispersed cellulose microfibers
composite are proposed for efficient immobilization of hemoglo-
bin and selective biosensor for detection of hydrogen peroxide
[170].

Very promising and modern electronic-nose technics are used
during measurements of breath, the early detection of early lung
cancer, screening of obstructive sleep apnea syndrome, early diag-
nosis of gastrointestinal diseases, breath tests for pneumoconiosis
of active tuberculosis chronic pulmonary infections, inflammatory
asthma, COPD in respiratory medicine [171-192]. It was shown
and discussed in [193-195], we can wait for that after choosing the
most sensitive sensors to hydrogen peroxide at its low concentra-
tions, which occur when the patient exhales air, and determining
their low cost, a microelectronic device with an Arduino New mi-
croprocessor will be implemented for accurate digital determina-
tion of the degree of the above disease, which will be tested by
doctors and recommended for use.

Conclusion

The results of studies of many types of semiconductor H,O, sen-
sors are discussed in this review of 175 articles about hydrogen
peroxide. The properties of electrochemical detectors, sensors
based on organic and inorganic materials, graphene, and nano-sen-
sors are analyzed. Optical and fluorescent sensors, detectors made
of porous materials, quantum dots, fibers, and spheres are briefly
discussed. The results of our studies in the YSU of hydrogen per-
oxide sensors made from solid solutions of carbon nanotubes with
semiconducting metal oxides are also presented in the review. The
fundamentals of the manufacture of biomarkers of respiration con-
taining hydrogen peroxide vapors, which make it possible to judge
the degree of a person's illness with various respiratory diseases
(asthma, tongue cancer, etc.), are discussed.

After choosing the most sensitive sensors to hydrogen peroxide at
its low concentrations, which occurs when the patient exhales air,
and determining their low cost, a microelectronic device with an
Arduino microprocessor will be implemented for accurate digital
determination of the degree of the above disease, which will be
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tested by doctors and recommended for use.

Hydrogen peroxide semiconductor sensors

V. M. Aroutiounian

The results of studies of many types of semiconductor H,O, sen-
sors are discussed in this review of 185 articles about hydrogen
peroxide. The properties of electrochemical detectors, sensors
based on organic and inorganic materials, graphene, and nano-sen-
sors are analyzed. Optical and fluorescent sensors, detectors made
of porous materials, quantum dots, fibers, and spheres are briefly
discussed. The results of our studies in the YSU of hydrogen per-
oxide sensors made from solid solutions of carbon nanotubes with
semiconducting metal oxides are also presented in the review. The
fundamentals of the manufacture of biomarkers of respiration con-
taining hydrogen peroxide vapors, which make it possible to judge
the degree of a person's illness with various respiratory diseases
(asthma, lung cancer, etc.), are discussed.
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