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Introduction
Human exhaled breath contains nitrogen (about 78%), oxygen
(16%), carbon dioxide (4%-5%, hydrogen (5%), and water vapor.
Besides, in the case of a healthy person, the exhaled air contains
rather small concentrations of nitric oxide NO, ammonia NH3,
carbon monoxide CO, hydrogen dioxide H2O2 and sulphide H2S
as well as ethanol, acetone, etc. A remarkable increase in the
concentration of last gases indicates the presence of various
diseases in the patient. The metabolic excreted products diffuse
into the inhaled air though the alveoli in the lungs and then the air
is rejected. That is, a multi-component gas mixture formed, which
accumulates first in the alveolus of the lungs. It is necessary to look
for the cause of this either in incoming food (sources of volatile
substances), or in internal organs, blood, blood vessels, sweat or
urine. Today the medical doctor not only polls and examines the
patient but also sends it to the lab-tests of blood, urine, perform
an electrocardiogram, etc. But, for example, today’s periodic
monitoring of glucose concentrations in the blood induces acute
pain, risk of virus (e.g., hepatitis B) infection from needles, and
other difficulties infrequent monitoring.
Intensive investigations of bio-safe small-sized semiconductor
gas sensors for medical applications are carried out in recent
years. Requirements for such biomarkers are their high sensitivity,
selectivity, and stability to very low concentrations of gases, mainly
exhaled by a living organism. The exhaled gases such as NOx,
acetone, ethanol, NH3, H2S, and H2O2 can be used for sensors to

diagnose various diseases. Non-invasive diagnostics of the patient,
based on the analysis of exhaled air in a special device, allow only
to make exhalation and after a few seconds-one minute to get the
results of the analysis. The prospect of a non-invasive diagnosis is
obvious - full safety from viral hepatitis, AIDS, and other infections.

Exhaled breath contains about 3500 volatile organic
compounds (VOCs) that are the products of metabolism. But it
is necessary to take into account that several important gases at
some concentration in the air are immediately dangerous to life or
health. According to the results of the study of volatile substances
exhaled by a person, it is possible to judge the nature of nutrition
- sufficiency of carbohydrates, excess fat and alcohol. By excess or
lack of any chemical component in the spectrum of exhaled air,
hereditary enzymopathy and the presence of various diseases
can also be assumed. Due to the large surface of the lungs, volatile
substances (ethanol, ammonia, acetone, and others) very quickly
pass from the bloodstream to the external environment with
exhaled air.
It is the mixture of various molecules secreted by a man that
makes up the individual, unique smell of the patient. In a number of

cases, this smell allows to immediately make the correct diagnosis.
The sweet “liver odor” of explosives is due to a violation of the
exchange of aromatic compounds and the accumulation of the
product of the conversion of methionine - methyl mercaptan. This
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smell of raw liver often haunts pancreatic cancer patients and may
be one of the first symptoms of this ailment. The smell of ammonia
in explosives is typical for kidney and uremia diseases, the “mouse
smell” - for patients with hereditary phenylketonuria, the smell
of syrup is in violation of the metabolism of fatty acids and the
accumulation of keto acids and amino acids in the blood and urine,
the smell of acetone - in patients with diabetes mellitus. A sharp
specific smell from the mouth is a symptom of a number of diseases
of the oral cavity and stomach (stomatitis, periodontal disease,
gastritis, peptic ulcer, and stomach cancer).

In cardiopulmonary insufficiency, unpleasant sour smell of
under oxidized metabolic products associated with incomplete
combustion of proteins, fats, and carbohydrates in the liver often
comes from patients. An unusual persistent smell is a formidable
symptom of a growing tumor of the anterior brain. It turned out
that with a stroke with an unfavorable outcome, much less acetone
is released in patients than in healthy people. At the same time,
diabetics, who also fell into a coma, exhale tens and hundreds of
times more acetone than healthy ones. The content of acetone
and ethanol is significantly different from healthy individuals
(in patients with diabetes mellitus, cardiovascular disease, in
children with bronchial asthma, diathesis, in pregnant women
with toxicities of the first half of pregnancy). We also note that it
is possible to successfully detect using semiconductor sensors
odorless substances, such as carbon monoxide (carbon monoxide)
or carbon dioxide.

Capabilities of Detection of Various Diseases

Capabilities of detection of the various diseases using the
analysis of the breath are discussed below. Data on the surveillance
capabilities of diseases in the allocation of specific gases are
collected below in Table 1. Naturally, assembled here material
cannot be considered as exhaustive one. Note also that the analysis
of the breath allows to detect (diagnose) cancer of stomach and
ovaries, rheumatoid disease, acute myocardial infarction, gum
disease, tooth decay, bacterial imbalance on the tongue, impacted
wisdom teeth, dehydration, sleep apnea, gastric, stomach ulcers
duodenal ulcers and other diseases can be carried out. The presence
of heptane, xylenes, octane, ethylbenzene, styrene, decane, toluene,
benzene, and formaldehyde allow detecting lung cancer.

Methods of the Study of the Compositions of Explosives

From the middle of the 20th century to the present day,
chromatography and mass spectrograph are among the most widely
used analytical methods for studying explosives [1-5]. Many volatile
metabolites were determined by these methods in explosives, many
of which are used as markers of inflammation. Their specificity and
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sensitivity for the diagnosis of many diseases are determined. In
addition to chromatography and mass spectrograph, radioimmune
and enzyme-linked immunosorbent assays, spectrophotometry,
fluorometric and chemiluminescent methods were proposed,
the protein matrix and tumor necrosis factor are studied, etc. In
medicine, when studying gas exchange, gas analyzers are used to
measure the concentration of carbon dioxide, oxygen, and nitrogen
in the inhaled and the exhaled gas mixture, to study blood gases and
to measure the concentration of the indicator gas in the artificially
created mixture when determining the number of respiration
parameters (instruments for measuring gas concentration in a
gas mixture). In recent years, ionic and proton mass spectroscopic
methods and gas chromatography has been used. Of course, the
possibility of physical-chemical studies of gas-phase are not
limited to such analysis. Samples of internal abdominal gases can
collect and examine from different sections of the bronchi with
bronchoscopy, from the stomach with gastroscopy, from the colon
with colonoscopy, from the bladder with cystoscopy, etc.

Semiconductor Gas Sensors of Exhaled Breath

It is important today we develop the individual metabolic
profile of the patient. The equipment mentioned above is expensive
and bulky, it is necessary to develop cheap, small-size and bio-safe
measuring setups which can be used individually by a medical
doctor and each patient elsewhere out of hospitals and specialized
centers. Therefore, the use of semiconductor gas sensors for
detecting the concentration of detectable gas (acetone in diabetes,
for example) is widely discussed in the literature (see, for example,
[6-21]).

Different metal oxide semiconductors for the manufacture of
such sensors are proposed and investigated because they are not
oxidized materials, have stable in time characteristics, and can work
at its remarkable pre-heating. Determination of the concentration
of chemical compounds in explosives using gas sensors will allow
the diagnosis of the disease already in the early stages and will
make it possible to control treatment. As was mentioned above,
by the concentration of acetone and the amount of current passing
through the semiconductor sensor, for example, one can judge
the degree of diabetes, acute heart failure, lung cancer; hydrogen
peroxide and nitric oxide--asthma and other pulmonary diseases,
cancer of the digestive system; ammonia and hydrogen sulfide
- hepatitis and cirrhosis; hydrogen and methane, a number of
diseases of the digestive system, etc (Table 1). The current study
of head, ovarian, bladder, prostate, kidney, gastric, as well as neck
cancer, Crohn’s disease, ulcerative colitis, idiopathic and atypical
Parkinson’s disease, multiple sclerosis, pulmonary hypertension,
and other diseases is started now using semiconductor nanoarrays
and artificial intelligence methods.
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Table 1.
Gases

Exhalation and Diagnostic Significance

Nitrogen oxide (NO)

Respiratory diseases [asthma, chronic obstructive pulmonary disease (COPD), etc] Rhinitis digestive diseases Iinflammation in the stomach (gastritis, hepatitis, colitis) Liver transplant rejection Cystic fibrosis Encephalopathy Virus
Covid-19 Helicobacter pylon digestive cancer

Ammonia (NH3)

Diseases of the kidneys and liver (kidney failure, liver dysfunction,29 hepatic encephalopathy, renal insufficiency
in nephritis, idiopathic hypertension, atherosclerosis of renal artery, toxicities and nephropathy of pregnant, toxic
defeats of kidneys, paucity of the liver in jaundice, cirrhosis of the liver) Acute and chronic radiation sickness The
metabolism of monoamine in the brain Uremia Swelling of brain, Type-II Alzheimer’s disease Peptic ulcer Halitosis

Hydrogen Peroxide (H2 O2)

The same respiratory diseases Lung cancer Weakened respiratory lung function, etc.) The acute and chronic radiation
sickness Diabetes Virus Covid-19 Neutrophilic inflammation

Hydrogen sulfide (H2S)

Airway inflammation Oral and dental heath Asthma Intraoral halitosis

Acetone (C6H6O)
Methane

CS2 and pentane
Ethylene (C2H4)
Ethane (C2H6)
Methanol
Ethanol

Diabetes Diabetic ketoacidosis The pancreas in acute pancreatitis and execute-destructive dietary and severe balance
failure at lung cancer Chronic liver disease
Gastrointestinal disorders (Malabsorption hydrocarbons) Colorectal cancer
Obesity Irritable bowel syndrome inflammatory Anorexia
Risk factor in coronary artery diseases, Schizophrenia

Oxygen stress, Lipid peroxidation internals at acute myocardial infarction
Destruction caused by free radicals Uremia

Lipid peroxidation in liver transplant peroxide Marker-assisted oxidation of lipids Schizophrenia COPD Interstinal
lung desease Asthma Cystic Fibrosis Heart Failure Inflammatory bowel disease Vitamin E deficiency Breast cancer
Ulcerative colitis
Diseases of the central nervous system Lung and breast cancer
Alcoholism Diabetes/Hyperglycemia

Isotopic modification

Infection with the bacterium Helicobacter pylori passage of food through the gastrointestinal tract the overgrowth of
bacteria lactose Digestion pancreatic Dysfunction Malabsorption liver dysfunction, including cirrhosis the metabolism
of bile glucose metabolism

Pentane

Breath and lung cancer. Acute myocardial infarction Heart titrant rejection Arthritis The exacerbation of asthma Oxidative stress Physical and mental stress Inflammatory bowel diseases Sleep apnea Ischemic heart disease Myocardial
infraction Liver disease Schizophrenia Sepsis COPD Cystic fibrosis

Vapors of urine

Aldehydes
Dimethyl
Isoprene

Gastroenterology

Lung, breast and childhood cancer Tuberculosis Wilson’s disease

Hemochromatosis associated with alcoholic liver disease, smoking, oxidative stress, diabetes and atherosclerosis hypertension, aging Cerebral Ischemia Alzheimer’s and Parkinson’s Diseases Amyotrophic Lateral Sclerosis Lou Gehrig’s
Disease Wernicke’s Encephalopathy
Lung cancer Cystic fibrosis Intra- and extraoral halitosis Chronic liver disease Hypermethioninemia and carbonyl
sulfides
Lung cancer Castaic ulcer Heart failure Diabet Lipid metabolism Disorder Hypercholesterolemia COPD Flu Virus

Metal oxide semiconductors n-type SnO2, ZnO, WO3, TiO2, MoO3,
In2O3, Fe2O3 and p-type CuO, NiO, Cr2O3, Mn3O4 are used during
breath analysis [6,15,16], Some interesting papers about sensors
promising for breath analysis listed in Refs. [7,9-12,14]. Note that
the disease diagnosis using exhaled breath is still in the nascent
stage and needs further improvement for clinic applications.

Detection of NO and NH3 for the Diagnosis of Asthma and
Renal Disease

The most important biomarkers of diseases in human body
are nitic oxide. ammonia, acetone, hydrogen dioxide and sulphide.
Of course, a lot of information can be received from detection of
other exhaled gases (Table 1). Villi-like WO3 nanostructures show
high gas responses (Rgas/Rair) ~30 to 0.2 ppm NO at 200°C [19].
It is shown also that WO3 nanotubes exhibit high responses to 1

ppm NO. These results were obtained in highly humid (RH > 80%)
atmospheres. BOSCH Healthcare Solutions announced a monitor
that allowing measurements of fractional exhaled nitric oxide
(FENO) for the diagnosis of asthma [22,23]. So, it is established that
nitric oxide is an excellent biomarker of bronchial asthma.

The potential of WO3 nanostructures for the diagnosis of
asthma was demonstrated. This device consists of pretreatment
components that precondition the exhaled gas and sensing
components that measure FENO [24-27]. The initial stages of renal
disease can be diagnosed by measuring NH3 and H2S vapors in
exhaled breath [28-30]. End-stage renal disease (ESRD) requires
time-consuming, expensive, and inconvenient hemodialysis, which
significantly decreases the quality of life for patients. If the nephron
function is completely lost, kidney transplantation needs to be
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considered. The breath NH3 concentration of ESRD patients ranges
around 4,9 ppm in contrast to 0.96 ppm for healthy individuals.
Exhaled ammonia can be also used to diagnose liver disease and
helicobacter pylori infection. α-MoO3 has his selectively to NH3
detection at sub-ppm levels even in highly humid atmospheres.
It can be used for the diagnosis of renal failure. MoO3 and WO3
often show high response to basic amines such as trimethylamine,
triethylamine, and butylamine.
Exhaled breath condensate and nitric oxide gas inhalation as
a potential specimen for diagnosing COVID-19. As was mentioned
above, breath gas analysis is non-invasive and has a number of
possible applications, including the detection of different diseases
and viruses, monitoring of metabolic processes, the study of
pharmacokinetics, screening for disease biomarkers as well as
drug testing. Coronavirus disease 2019 (COVID-19) is an emerging
condition threatening the biosecurity of all peoples on the planet.
Common signs of infection include respiratory symptoms, fever,
cough, shortness of breath and breathing difficulties. In more severe
cases, the infection can cause pneumonia, severe acute respiratory
syndrome, kidney failure, and even death. The Covid- 19 particles
detected in the lungs of patients. The virus particles were generally
spherical with distinctive spikes ranging from 9 to 120 nm, giving
the appearance of a solar corona [31-33].
It was observed that prior heart attacks or strokes, diabetes,
hypertension, asthma, and COPD diseases were at a higher risk of
dying from the Covid-19 disease. All such patients should also stock
up on all necessary home diagnostics including glucometers and
other supplies.

Exhaled breath condensate (EBC) could be considered a more
appropriate sample to follow the virus. EBC samples should be
tested as a noninvasive sampling method in clinics, since it seems
a promising specimen for the diagnosis of patients with COVID-19
infections. EBC is a condensed form of small droplets of the lung
lining fluid [34] which is normally exhaled and contains a variety
of components from small ions to proteins and organelles, even
viruses, fungi and bacteria [35-37]. EBC samples could be easily
collected using the collection chamber cooled down the temperature
of from 0 to -25°C [34,38]. After 2.5 minutes, exposure to 10-ppm
hydrogen peroxide or 2 ppm triemethylene glycol vapor resulted in
99% inactivation influenza viruses on surfaces [39].

Barnes, and his colleagues at the National Heart and Lung
Institute of Great Britain have shown that the mechanism that
keeps the bronchioles of the lungs open is largely controlled by
nitric oxide. The formation of gas from the amino acid L-arginine is
provided by the cells lining the lungs and macrophages, the forms
of enzymes necessary for its production. It has now been proven
that simple nitric oxide (NO) is involved in the regulation of many
physiological functions. Satisfying the body’s needs for nitric oxide
by inhalation leads to relaxation of blood vessels, an increase
in the immune response, regulation of the functioning of the
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genome and the activity of the nervous system, and can also have
a noticeable therapeutic effect in asthma and other lung-related
diseases, including pulmonary hypertension and respiratory
distress syndrome. The use of L-arginine as a dietary supplement,
from which the cells of the respiratory tract release nitric oxide,
significantly increased the content of this gas in exhaled air. No
significant changes in heart rate and blood pressure occurred in
patients. The intake of L-arginine as a dietary supplement increases
the production of NO by the body and the lungs and that this may
find application in the treatment of diseases in which nitric oxide
is produced in insufficient quantities. For example, in asthma, the
concentration of NO is in the range of 30-100 ppb. Now it has been
reported that an increase in the concentration of NO in the body can
contribute to the recovery of patients from CoVid99 coronavirus.
The treatment with nitric oxide NO reversed pulmonary
hypertension, improved severe hypoxia and shortened the length
of ventilatory support as compared to matched control patients
with Severe Acute Respiratory Syndrome (SARS) Coronavirus.
Nitric Oxide Gas as drag greatly increased the survival rate of SARSCoV-infected eukaryotic cells, suggesting direct antiviral effects of
NO. In a subsequent in-vitro study, NO donors (e.g. S-nitroso-Nacetylpenicillamine) greatly increased the survival rate of SARSCoV-infected eukaryotic cells, suggesting direct antiviral effects
of NO. Coronavirus responsible for SARS-CoV shares most of the
genome of COVID-19 is indicating potential effectiveness of inhaled
NO therapy in these patients. Prolonged treatment with inhaled
NO can lead to increased methemoglobin levels. Blood levels of
methemoglobin will be monitored via a non-invasive CO-oximeter.
It was also shown in Protokol [40] that inhaled nitric oxide gas
(iNO) has antiviral activity against other strains of coronavirus.
The primary aim of this study is to determine whether inhaled
NO improves the situation. In clinical settings, NO gas has been
approved by the US Federal Drug Administration for the treatment of
pulmonary hypertension of the newborn in the presence of hypoxic
respiratory failure. In 2004, during SARS-CoV outbreak, it was
reported the use of inhaled NO gas (iNO) in six patients with severe
symptoms. Treatment with iNO reversed pulmonary hypertension,
improved remarkably severe hypoxemia, and shortened the length
of ventilatory support as compared to matched control patients
with SARS-CoV [39]. In a subsequent in-vitro study, nitric oxide
(NO) donors greatly increased the survival rate of SARS-CoVinfected eukaryotic cells, suggesting direct antiviral effects of NO
[39,40]. Due to similarities with the Coronavirus responsible for
SARS and COVID-19, scientists indicated the potential effectiveness
of iNO therapy.
It is necessary to make the following comments about the
safety of the use of NO gas. It reacts with oxygen to form NO2, which
may cause damage to lung tissues. Moreover, NO oxidizes ferrous
Hb to form Met-Hb, which is unable to transport and release oxygen
to tissues. Based on the present literature and Food and Drug
Administration reports, the risks of breathing iNO at 80 ppm for 24
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hours are minimal when Met-Hb levels and NO/NO2 delivery levels
are carefully monitored [40]. To improve safety, in the present trial,
iNO is administered and monitored by trained clinicians. The NO2
will be monitored and maintained at levels of below 2 ppm. Met-Hb
is continuously monitored by non-invasive CO-oximetry.

Detection of Acetone for Diagnosing Diabetes

Diabetes patients use fat instead of glucose for energy and
ketones are produced by the liver during fatty-acid metabolism. The
concentrations of breath acetone in diabetes patients are reported
to be higher than 1.8 ppm while those of healthy people are lower
than 0.8 ppm. Breath acetone concentrations can increase during
ketogenic or low carbohydrate diets that are known to induce
ketosis. It allows checking the effectiveness of ketosis-based dietary
programs for healthy people. Among all other sensing materials,
metal oxides show the highest responses to acetone. Various oxide
sensing materials mentioned below allow enhancing selectivity
and sensitivity to acetone under highly humid atmospheres.
There are Pt, Rh or Ni-loaded TiO2, SnO2 nanotubes/ hierarchical
nanofibers and WO3 hemitubes/nanofibers, having an average size
of 2 to 3 nm [41-43], Pt-loaded [44], Pd-loaded ZnO/ZnCo2O4 hollow
spheres [42], RuO2-loaded WO3 nanofibers [43], Rh2O3-loaded WO3
nanofibers [44], and PdO-loaded Co3O4 hollow nanocages [45].
These fabricated nanostructures show great promise to be utilized
as portable breath sensors for diabetes disease diagnosis. Note that
SnO2, ZnO, Fe2O3, WO3, and other metal oxide gas sensors often show
similar responses to acetone, ethanol, and other VOCs. Accordingly,
analyses from intoxicated diabetes patients, or the presence of
small amounts of alcohol in the mouth, may not provide reliable
diagnoses. Pure and catalyst loaded has been used as the most
common and representative sensing materials for the selective
detection of acetone [46-49].

Detection of H2S for Diagnosing Halitosis

The degradation of S-containing amino acids in the oral
cavity, upper/lower respiratory tract, and alveolar exchange with
blood lead to halitosis. It is detectable as highly odorous gases

with concentrations less than 1 ppm, that can be used to diagnose
for hepaticus and metabolic disorder. CuO alone and as additive
materials to SnO2, In2O3, and ZnO have been used as the sensing
material. The conversion of the p-type semiconducting CuO into
metallic CuS leads to the form of junction n-type semiconductormetallic CuS. The doping of hollow SnO2 spheres with CuO decreased
the humidity dependence of the sensing characteristics to negligible
levels without sacrificing high selectivity and sensitivity H2S at 80%
RH. Therefore, CuO is effective both in dry air and exhaled breath.
Liang et al. [50] reported that the CuO-loaded In2O3 nanofiber
sensor showed reversible H2S sensing characteristics above 300°C.
Doping Mo on ZnO nanowires not only increased selectivity to H2S
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but addition significantly enhanced the reversibility of the H2S
sensing characteristics. Ag was also reported to be an effective
addition. Yoneda et al. [51] provided a mini review on various
techniques for the analysis of halitosis. Some other investigations
of the H2S sensing characteristics reported in [41,50-53].

Investigations of Metal Oxides Biomarkers Sensitive to
Hydrogen, Hydrogen Dioxide, Isoprene, and Aldehides

Hydrogen sensors implemented at Yerevan State University
(YSU) [53-55] are highly sensitive. It is important that sensors are
very sensitive even at relatively high gas concentrations. Remember
that the concentration of hydrogen exhaled by a healthy patient is
already about 6%, and with the diseases noted above in the Table 1,
this concentration is even higher. Therefore, the use of our hydrogen
sensors for biomedical applications is very promising.
As for the hydrogen peroxide H2O2 sensors developed at YSU
[56-59], the detection of low concentrations of exhaled gas (in
the range of less than one up to one hundred ppm), which is just
characteristic of our sensors, is already required here. In addition,
the dependence of the sensor response on gas concentration is
linear, which facilitates the processing of data and the design of a
meter of the gas concentration. Pure SnO2 and other metal oxides
without corresponding doping have a low sensitivity (response)
to gases at a sufficiently high working (operating) temperature of
their preliminary heating. In particular, we have shown that the
functionalization of the SnO2 film structures with multilayer carbon
nanotubes (MWCNT) and Ru catalysts leads to a remarkable decrease
in the sensor operating temperature and a significant increase in
the response signal to acetone, methanol, ethanol, isobutane, and
toluene vapors. Several complex phenomena take place in such
functionalized nanocomposites. Today it is impossible to imagine
the full picture, but we must take into account the following: Note
that MWCNTs have a developed surface and a nanoscale structure
that exposes many parts of the surface with which gases can react;
CNTs have a much smaller sensitivity to gases as well as the electrical
conductivity of CNTs is much higher than the electrical conductivity
of metal oxides. Consequently, the doping of metal oxides with

CNTs reduces the resistance of sensitive metal oxide materials
and opens up the possibility of more intense passage of charge
carriers from one ohmic contact to another. Since the metal oxide
film is mainly an n-type semiconductor, and MWCNTs have p-type
semiconductor characteristics, many depleted layers are formed in
such multi-grain films. Note that each time one depleted region is
located on the surface of the metal oxide, and the other is at the
interface between the metal oxide nanoparticle and MWCNTs. The
formation of nanochannels and heterojunctions leads to increased
gas sensitivity of such gas sensors due to a decrease in the work
function (barrier height) and an increase in the conductivity of the
sensitive layer. The same phenomena were detected in Fe2O3 and
ZnO samples doped with CNTs [60,61].
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The investigations of the response of metal oxide sensors
to isoprene are carried out in [62]. Gaseous aldehyde breath
biomarkers were proposed [63]. Ni-doped and Co-doped ZnO
nanowires, Co3O4 (mesoporous, Cr-doped nanocomposites, and Pdloaded shell sphere and hierarchical nanosheets), Cr2O3-ZnCr2O4
nanocomposites, NiO-NiMoO4-SnO2 nanocomposites, Cr-doped NiO
hierarchical nanosheets, Pd-SnO2 film with Co3O4 overlayer are very
promising materials for detection of lung cancer [6].

Detection of Volatile Organic Compounds for a Cancer

Researchers have investigated different gases of lung cancer
by comparing the breaths of healthy people [6,64]. Volatile organic
compounds (VOCs) are reported as biomarker gases of the lung,
breast, colon and prostate cancers. Note that most lung-cancer
biomarker gases, except a few, contain benzene rings. Pure CNT or
graphene-based sensing materials generally do not exhibit notable
responses to large gases at room temperature or temperatures less
than 100°C. P-type semiconductors as gas sensing materials for
benzene-derived gases, such as xylene, toluene, and benzene itself,
can be used during measurements of lung cancer.

Of course, lung cancer can be diagnosed via the detection of
a single biomarker gas. However, to increase diagnosis precision,
the diagnosis of lung cancer using the electronic nose technology
is preferable.

Gas Detectors

Many interesting detectors are developed today for health
monitoring and diagnosis –pulsoximeters, diabet measurers,
Doppler radar sensors, smartphone sensors with camera and
microphone, custom Bio-VOC injection systems etc [65-67]. Such
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detectors use different methods and phenomena in process of
investigations of illnesses, mostly have large sizes and expensive,
realize invasive monitoring. The intensive work on the manufacture
of new bio-safe small-sized equipment using semiconductor gas
sensors for medical applications and diagnose various diseases
are carried out in recent years. Requirements for such biomarkers
are their high sensitivity, selectivity, and stability to very low
concentrations of gases, mainly exhaled by a living organism. Noninvasive diagnostics of the patient, based on the analysis of exhaled
air in a special device, allow only to make exhalation and after a
few seconds-one minute to get the results of the analysis. The
prospect of a non-invasive diagnosis is obvious - full safety from
viral hepatitis, AIDS, and other infections.

Note that semiconductor sensors of various gases have
been developed in Department of Semiconductor Physics and
Microelectronics and the Scientific Center for Semiconductor
Devices and Nanoelectronics at YSU. Sensors at YSU are sensitive to
vapors of acetone, ammonia, nitrogen oxides, iso-butane, ammonia,
hydrogen sulfide, hydrogen, various alcohols, toluene, combustible
gases, hydrogen peroxide, propane, propylene glycol, formaldehyde,
dimethylformamide, dichloroethane, gasoline, carbon monoxide
and smoke arising in the early stages of a fire (see some references
above and [68,69]). As part of the NATO grant, small-sized
semiconductor sensors for nerve gases of chemical weapons (sarin,
mustard gas) have been developed in YSU [70]. Successful tests
of such sensors were carried out at the Czech Military Academy.
Studies of hydrogen and hydrogen peroxide sensors were carried
out jointly with colleagues from the USA, Hungary, Czechia, France
and the Republic of Korea. Note that the sensors at YSU are stable in
time, have smaller sizes, and cheap.

Figure 1: Arduino Nano acethone gas detector [71].
We developed different gas analyzers (see, for example [68]).
Figure 1 shows the possibility of implementing such a acetone
gas detector using a programmable board and the Arduino Nano
memory [71]. Earlier, we developed also a device, which allows us

to measure simultaneously three gases-methane, carbon monoxide,
and hydrogen. Note also that pretreatment components such as
dehumidifiers, preconcentrates, and flow sensors are very important
for precise analysis. To miniaturize the system and achieve in situ
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diagnosis, the adsorption of analyte gases, interference gases, and
moisture needs to be significantly improved.

Conclusion

One of the most important directions of modern medicine is
non-invasive diagnostics of the patient, based on the analysis of
exhaled air in a special device. Data on the surveillance capabilities
of various diseases in the allocation of specific gases are collected.
The potential of various semiconductor chemical resistors
made from metal oxide semiconductors to diagnose disease has
been reviewed. For disease diagnosis from exhaled breath, pure
and catalyst-loaded semiconductor chemical resistors sensing
materials for specific biomarker gases are reported. In particular,
nano sensors were discussed having the potential to detect asthma,
renal disease, diabetes, halitosis, and lung cancer. The humidity
and temperature dependencies of various sensing characteristics
need to be decreased to negligible levels through the complete
understanding of gas-sensing mechanisms and the interaction
between moisture and the sensing surface. Corresponding low-cost
detectors are developed which can detect small concentrations of
exhaled air.
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