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Abstract
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Excellent physical properties of carbon nanotubes (CNTs) are used for the manufacturing many electronic devices. The single
wall version of CNTs is promising for the detection of many important gases including gases exhaled by the living organism.
The most promising is the realization of gas sensors based on metal oxides doped with CNTs. Application of CNT-based sensors
to breath analysis, properties of the SWCNTSs gas sensors with metal nanoparticles and metal oxides, and CNTs biosensors are

Introduction

Carbon nanotubes (CNTs) have excellent mechanical and
electrical properties. They allow for the use of CNTs in many
applications, for example, for a wide range of electronic
devices, including logic circuits [1], light-displaying devices
[2], batteries [3], power semiconductor devices [4], and
sensors [5-9]. CNTs were discovered about two decades ago
[10]. They show a unique structure that can be envisioned
as a graphene sheet rolled into tubular structure. CNTs can
be either single-walled (i.e., SWCNT) or multi-walled (i.e.,
MWCNT) depending on the number of a concentric graphitic
layers (Figure 1) [11]. The diameter is typically 1-10 nm for
SWCNTs whereas it can be varied from 1 to over 100 nm for
MWCNTs. The length of CNTs can also be varied in a broad
range from several nm to over 1 mm. The aspect ratio (length
vs. diameter) of CNTs can be larger than ~106. CNTs are one
of the materials with the highest known mechanical strength.
The intrinsic tensile strength and Young’s modulus can reach
1 TPa.
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Figure 1: Depiction of (A) SWCNT with zigzag, armchair,
and chiral structures, and (B) MWCNT with multiple
concentric tubes of graphene [12].

o

Depending on the rolling angle of a graphene sheet (i.e.,
chirality), CNTs can be either semiconducting or metallic.
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In their metallic form, CNTs show a very high electrical
conductivity with the capability of carrying electrical current
over 50 times greater than typical metals. The electrical
properties of CNTs are also potentially relevant to biomedical
applications. MWCNTs are much less toxic than SWCNTs
because of the differences in diameter and surface chemistry.
A lot of papers about technology of preparation of CNTs are
known. Only three papers in this field can be mentioned [13-
15]. CNTs are ideal materials for a new class of molecular
sensors. CNT-based gas sensors have sensitive chemical-
to-electrical transducer capability, high degree of chemical
functionality options, and potential for miniaturization.
Different semiconductor sensors are developed in Yerevan
State University (Department of Physics of semiconductors
and microelectronics and Research center of semiconductor
devices and nanotechnology) in Armenia. Acetone, ammonia,
benzene, butanol, i-butane, dichlorethane, dimethyl
formamide, ethanol, formaldehyde, gasoline, hydrogen,
hydrogen peroxide, iperit, methanol, natural gas, nitrogen
oxides, propylene glycol, smoke, sulfurous anhydride ,
sulfurous oxides, toluene, zarin etc. nanosensors were
developed in YSU [16-19]. Warfare chemical sensors were
developed and investigated in the framework of the NATO
grant. Beside experimental works, the structure and defects
of metal oxide sensors were investigated using the density
functional theory and empirical force fields. The electron
density of states was computed. Independent testing of
chemical warfare and smoke sensors in the USA and Czech
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Republic were shown promise of their use.

Detection of Gases Exhaled by the Organism

Breath analysis is a promising method for rapid,
inexpensive, noninvasive disease diagnosis and health
monitoring owing to the correlative relationship between
breath biomarker concentrations and abnormal health
conditions. A type of an microelectronic monitor is shown in
Figure 2.

-

Figure 2: A type of an microelectronic breath monitor.

o

Breath biomarkers for various diseases are listed in Table 1
of our papers [20].

Gases Exhalation and diagnostic significance

Nitrogen oxide (NO)

Respiratory diseases [asthma, chronic obstructive pulmonary disease (COPD), etc.] Rhinitis
digestive diseases [inflammation in the stomach (gastritis, hepatitis, colitis), including
infection Helicobacter pylon digestive cancer Hyperthermia Heavy-textured sepsis Uremia

Carbon monoxide (CO)

Anemia (hemolytic, sideroblastic cell) Carboxy hemoglobinamija in acute and chronic
exposures Lasting stay at intakes Giperbilirubinonemia of newborn oxidative stress
hematoma Hemoglobinuria Pre-eclampsia of infection Thalassemia respiratory diseases
(asthma, COPD, infections of the respiratory infection Inflammation of lung)

Ammonia (NH, )

Diseases of the kidneys and liver (renal insufficiency in nephritis, idiopathic hypertension,
atherosclerosis of renal artery, toxicosis and nephropathy of pregnant, toxic defeats of
kidneys, paucity of the liver in jaundice, hepatitis, cirrhosis of the liver, toxic hepatitis) Acute
and chronic radiation sickness The metabolism of monoamine in light Uremia

Hydrogen (H, )

Diseases of bodies of digestion (digestive disorders of infants Gastrointestinal Disorders
anaerobic bacteria in the large intestine Malabsorption hydrocarbons)

Hydrogen Peroxide H,0,

Respiratory diseases (asthma, chronic obstructive pulmonary disease (COPD), lung cancer,
weakened respiratory lung function, etc.) The acute and chronic radiation sickness Diabetes

Methane

Diseases of the central nervous system Lung and breast cancer

Acetone C6H60

Diabetes

Ethanol

Alcoholism, the function of the pancreas in acute pancreatitis and execute-destructive
dietary and severe balance failure at lung cancer Diabetes Chronic liver disease
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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

Vapors of urine

Gastroenterology

Pentane and its Derivatives

Breath and lung cancer. Acute myocardial infarction Heart titrant rejection Rheumatic
arthritis The exacerbation of asthma

Alkanes (hexane, etc.)

Lung cancer Tuberculosis

Dimethyl and carbonyl Lung cancer Cystic fibrosis Intra- and extraoral halitosis Chronic liver disease
sulfides Hypermethioninemia
Isoprene Lung cancer Castaic ulcer Heart failure
Hydrogen sulfide Intraoral halitosis

Heptane, xylenes, octane,
ethylbenzene, styrene,
decane, toluene, benzene,
gaseous aldehyde and
formaldehyde

Lung cancer

Table 1: Gases as well as Exhalation and Diagnostic Significance.

Note that scientists have grown interested recently
to detecting volatile organic compounds (VOCs) for non-
invasive diabetes management. According to the World
Health Organization, currently there are around 450
million peoples suffering from diabetes in the world, and
this number could potentially reach 700 million by 2045.
Human exhaled breath contains thousands of different VOCs
derived from the body’s metabolic processes. In patients
with diabetes mellitus, the body produces excess amounts of
ketones such as acetone because the body uses fats instead
of glucose to produce energy, which is then exhaled during
respiration. Endogenous acetone is produced in the liver
primarily through ketogenesis [23]. In certain cases, such
as fasting, exercising and being diabetic, the liver produces
ketones to act as an additional energy source, which is then
metabolized into acetone and other ketone bodies. Using
breath analysis techniques, acetone concentrations in the
exhaled breath have been shown to correlate with the
acetone concentrations in the blood as well as with other
ketones such as beta-hydroxybutyrate.

Measurement of breath acetone may provide better
diagnostic control of a patient’s diabetic condition than using
blood glucose alone [24]. At the same time, the detection of the
concentration of acetone in the exhaled air can be carried out
in a quick and acceptable way for the patient, alternative to
the traditional methods for determining glucose in the blood.
Many diabetic patients today have to check their blood sugar
several times a day, which requires frequent and repeated
pricking of their fingers, which is painful and unsafe. It has
been established that glucose is also detected in the analysis
of tears, saliva, and urine, but their corresponding meters at
the commercial level are not yet available to patients.
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So, acetone is considered today as the main breath
biomarker for metabolic (diabetes) conditions in the
bloodstream. It is found that the acetone concentration
in exhaled breath of healthy people is ranged between 0.3
and 1. 0. ppm. Diabetes is one of the factors that may cause
a change in breath acetone levels. Age, lifestyle, profession,
and consuming ketogenic diet influenced breath acetone
concentration and increase its concentration. Patients
with typical symptoms of diabetes (polyuria, polydipsia
and unexplained weight loss) have a high blood glucose
concentration. Apart from hyperglycemia, hypoglycemia
would damage the human body as well. Clinically,
hypoglycemia is determined as a condition where the blood
glucose concentration is lower. For elderly patients, the
risk coefficient of hypoglycemia is higher. The incidence of
hypoglycemia at night is relatively high, and it is difficult to
monitor it with traditional blood glucose detection methods.
Strict blood glucose control is also likely to increase the risk
of hypoglycemia. Therefore, continuous glucose monitoring
in diabetics may be of more clinical application value and
more in line with market trends [25].

Measurement of the concentration of acetone in breath
is necessary. Techniques such as gas chromatography
coupled to mass spectrometry, solid-phase microextraction,
high-performance liquid chromatography, selected ion flow
tube mass spectrometry, and liquid chromatography-mass
spectrometry for the detection of different gases. Sensors
can be easy prepared by several who have provided a highly
selective analysis of VOCs in the breath [26]. Although
mentioned above analytical methods are very sensitive
and selective for diagnosis of diabetes mellitus, they are
expensive, non-portable, and cannot be used out of hospitals.
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Note again, that metal oxides doped with semiconducting
CNTs are escellent chemical sensing transducers owing to
their exceptionally large charge carrier mobility (about 80
000 cm2V/s) and their nanoscale diameter. In contrast, the
electron mobility of metal oxide thin films is three to four
orders of magnitude smaller than the mobility of SWCNTs
or MWCNTs. Carbon nanomaterial enhancement of gas
sensor performance can be due to its direct interaction with
the gas analysts. Large attention is given in the literature to
sensors made from metal oxides doped with CNTs having
high sensitivity and other excellent characteristics (see, for
example, [5,7,27]). But properties of SWCNTs and gas sensors
based on them did not consider earlier by us (see below).

SWCNTs Gas Sensors with
Nanoparticles and Metal Oxides

Metal

Metal nanoparticle (NP) /SWCNT gas were showed
the sensitivity (response) to NH,, NO,, H,, and H_,S gases.
A metal NP with a lower work function can donate many
electrons into the valence band of SWCNTs due to the smaller
potential barrier. Zanollj, et al. [28] investigated the sensing
mechanism of gold-decorated CNTs by experimentally
measuring the change of the resistance R of this material
exposed to different gases (NO,, CO, C,H,) and calculated the
shift in Fermi level upon exposure of each gas. CNTs were
first treated with 02 plasma to create oxygen defects for the
purpose of trapping and clustering Au atoms during a thermal
evaporation procedure. The Fermi level in the CNT/oxygen
defect/Au cluster system was calculated when CH, CO, or
NO, gas molecules were contacted the cluster surface. The
Fermi level is increased in the case of C6H6 and decreased
in the case of NO,. For this system, carbon monoxide did not
shift the Fermi level. In the chemiresistor measurements, NO,
exposure caused a large increase in R. C6H6 exposure did not
cause a significant change in R, carbon monoxide exposure
shows a small increase in R owing to its large binding energy
to gold. The sensitivity and selectivity of metal NP receptors
can be tailored to specific gases by controlling the size and
elemental identity. Penza, et al. [29] investigated the effect of
different gold nanocluster sizes sputtered on SWCNTs toward
different gases. The sizes of gold nanoclusters chosen were
2.5, 5, and 10 nm. Pd had the largest sensitivity toward COZ2.
As the affinity gold and sulfur forms Au@S bonds, Au NP/
CNTs have been sensitivity to H2S down to 3 ppb H_S [30].
Au nanowell (NW)/SWCNTs showed superior sensitivity to
low concentrations of H2S compared with Au NP/SWCNT
material. To show that this material could be applied to
H,S sensing in breath, H,S was successfully detected in an
catalytically human breath background of 4% CO,, 20% O,,
and saturated “flavor” vapors.

Note that palladium is is active toward H@H bond
dissociation and is significantly cheaper than platinum
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[30]. These same properties make Pd NPs excellent H,
sensor receptors. Mubeen, et al. prepared a H, sensor
based on SWCNT networks non-covalently decorated with
Pd NPs through electrodeposition [31]. Lundstr¢m, et al.
[32] proposed that H, gas molecules adsorbed in air were
dissociated into two adsorbed hydrogen atoms on the
surface of Pd NPs. In the presence of O,, adsorbed H atoms
can react with O, molecules to produce water molecules.
Electron donation from the hydrogen molecules leads to an
increase in R proportional to hydrogen concentration. The
response of the Pd NPs/ SWCNTs network sensed H, was
down to 30 ppm. Abdelhalim, et al. investigated the role
metal identity played toward gas sensitivity by evaporating
Au, Ag, and Pd NPs of the same size on CNT films and testing
their responses toward four gas molecules (NH,, CO, CO,, and
ethanol) [33]. Au/CNT films showed the largest responses
toward NH,, CO, and ethanol, whereas Pd had the largest
sensitivity toward CO,. Due to the affinity gold and sulfur
have to form Au@S bonds, Au NP/CNTs have been used to
sense H,S up to down to 3 ppb H,S [34] and shown a linear
chemiresistor response toward H,S for a dynamic range
between 0.2 and 1 ppm. Au NW/SWCNTs showed superior
sensitivity to low concentrations of H,S compared with Au
NP/SWCNT material. H,S was successfully detected in an
expected human breath background of 4% CO,, 20% O,, and
saturated “flavor” vapors [30]. These same properties make
Pd NPs excellent H, sensor receptors. The SWCNT-CI defect-
Pd NP material showed the best sensitivity toward H,, with a
LOD down to 10 ppm [35].

Gong, et al. showed that the incorporation of SWCNTs
into a sol-gel-prepared SnO, film could amplify the
sensitivity of Sn0O, toward H, [36]. Quantum effects dominate
the sensing mechanism of MO/CNT sensors. In the case of a
Sn0, /SWCNT composite, an n/p junction is created between
the n-type oxide and the p-type s-SWCNTs. Upon exposure to
H,, the potential barrier between the SnO, grain boundaries
is lowered. Indium tin oxide (ITO) NPs with SWCNT can
sense NH, with a limit of detection (LOD) of 13 ppb [37].ITO
has p type conductivity at low concentrations of NH, and
humidity; however, at high levels of humidity, it switched to
an n-type semiconductor through the whole compensation
effect of water. Adsorption of H,S molecules on the surface
of the SnO, colloid quantum dots (CQDs) results a sensor
response toward H,S down to 3.3 ppm. In addition, this
composite showed selectivity toward H,S when compared
with the responses of NO,, NH,, and SO,. The Co,0, NPs with
4-8 nm in diameter can be served as CO receptors, achieving
sensitivity down to 5 ppm.

Thestabilityofthereceptor’sattachmenttothetransducer
is crucial for a reproducible sensor response. In addition,
close association between the receptor and transducer
is more likely to lead to higher electron delocalization.
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The titanium oxide NPs / SWCNT was sensitive to acetone
vapors down to 400 ppb under UV-light. The photo induced
electrons after electron/hole pair generation in the TiO,
layer are injected into the p-type SWCNT, causing a decrease
in conductance and lower current. Acetone adsorption onto
TiO, /SWCNT prevents electron/ hole recombination; thus
causing a detectable drop in conductance. The In,0, /SWCNT
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composite have a greater response towards ethanol than
acetone owing to the dissociative adsorption of ethanol on
the surface of (111) In,0, [38].

Short summary of CNT-based sensors of common breath
biomarkers is given below in Table 2.

Composite Detected gas LOD [ppm] Dynamic range [ppm] Ref
Pd NP/SWCNT H, 100 100-1000 [31]
Pd NP/SWCNT H, 30 30-10 000 [39]
Au NP/SWCNT H,S 0.003 0.02-1 [34]
AuNW/SWCNT H,S 0.005 0.005-0.5 [41]
Ag NC/MWCNT NH, 10 10-10 000 [40]
Sn02 /SWCNT H, 300 300-1500 [36]

TiO2 /ox-SWCNT acetone 0.4 2-20 [41]
ITO NPs/SWCNT NH, 0.013 1-20 [37]
C0304 / MWCNT co 5 10-700 [42]
In203 /ox-SWCNT ethanol 2.5 2.5-15 [38]

Srllv?vzvgl\?;/ H,S 0.043 3.3-100 [43]

Cu0/0x-SWCNT ethanol 2 2-11 [44]

Table 2: Summary of CNT-based sensors of common breath biomarkers.

Rather than detecting a single chemical component at
a much higher sensitivity to others, the CNT array (e-nose)
approach provides a “fingerprint” for a given compound. Such
analyses as linear discriminant analysis (LDA) or principal
component analysis (PCA) are commonly used to provide
a reproducible detection result from the array output [45].
Kubert, et al. [46] studied the use of DNA-functionalized
SWCNTs as the sensing element in FET devices for VOC
differentiation. Chatterjee, et al. [47] replaced DNA with
a series of different surfactants to create a chemiresistor
array of surfactant-functionalized MWCNTs. An array of
these sensors was able to differentiate toluene, chloroform,
acetone, ethanol, methanol, and water by using PCA. Haick
and co-workers successfully applied the array approach
toward discriminating the simulated breath patterns of
a healthy subject versus a diseased subject [48,49]. The
breath investigations of samples of healthy patients and
patients with lung cancer were established 15 VOCs that are
significant for lung cancer [48]. When a pre-concentration
step was used to separate VOCs from humidity, the healthy
and cancerous breath patterns could be easily distinguished
with PCA.Impedance metric sensing of NH3 isless susceptible
to drift because it is an AC measurement [50]. An challenge
specific to breath analysis is the confounding effect of high
levels of humidity on CNT-based sensors. Therefore, removal
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or separation of humidity is necessary for most trace breath
biomarkers. Methods, such as micro-separation columns,
membranes, and the use of silica gel have been also proposed
to solve the confounding effect of breath humidity on sensor
response. Further clinical research into breath biomarkers
and their disease correlations, coupled with advances in
CNT-based gas sensors, paves the way toward portable, low
power, non-invasive, point-of-care breath analysis devices.

Semiconducting SWCNTs devices can be used as a sensor
for chemical nerve agents. Thin-film transistors constructed
from random networks of SWCNTs were used to detect
dimethyl methylphosphonate (DMMP), a simulant for the
chemical warfare nerve agent sarin [51]. The devices consist
of a lithographically-patterned SWCNT network that bridges
Ti source and drain contacts. The network is grown on the
surface of a thermal Si0, layer, and the Si substrate serves as
a common gate electrode.

These results indicate that the electronic detection
of nerve agents and potentially other chemical warfare
agents is possible with simple-to-fabricate carbon nanotube
devices. Researchers have demonstrated that individual
semiconducting SWCNT devices produce a large resistance
change in response to certain types of gaseous analytes.
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In such sensors, the adsorption of an analyst’s molecule
with strong electron donor or acceptor properties results
in a partial charge transfer between the analysts and the
nanotube that changes its electrical resistance. Novak ]P, et
al. [51] found that the electronic properties of the nanotube
networks are strongly affected by the presence of DMMP -
it readily adsorbs on the SWCNTSs, resulting in an effective
transfer of negative charge that manifests itself as a shift of
the transistor threshold voltage. The molecular adsorption
is fully reversible by applying a small positive gate bias that
releases the DMMP from the nanotube surface.

The SWCNT-based sensors were reversible and capable
of detecting DMMP at sub-ppb concentration levels, and they
are intrinsically selective against common interferons. A
chemiresistor can detect an exposure to 1 ppb DMMP that
was delivered for 3000 s. Sensors are intrinsically selective
against interfering signals from hydrocarbon vapors and
humidity. Such sensors have detected also 0.1 ppb of NO,,
which is superior to current state-of-the-art NO, sensors by
several orders of magnitude. Note that our chemical warfare
detectors developed earlier in the framework of the NATO
grant are reported in [52].
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Acetone Sensors Made from Sno, <MWCNT>
Nanocomposites

Metal oxide semiconductor gas sensors widely used
today modern microelectronic technology methods, have
low cost and high sensitivity. It is shown that chemical gas
sensors using various semiconducting metal oxides such as
Sn0,, WO,, Zn0, Fe,0,, and TiO, can be applied for acetone
and many other gases detection. Further research in this
field is carried out in direction of the dramatically decrease
of operating temperature from 300-5000C up to near-
room temperature, understanding the phenomena on the
surface of detectors, sensing mechanisms, and improvement
of its selectivity to the gas. As electrical resistance in
semiconductor metal oxide dramatically changes in the
presence of an oxidizing or reducing gases, it is necessary
often use only metal oxide-based chemiresistors for many
applications. Several factors, such as surface areas, particle
size, crystal defects, porous structures, and stoichiometry
greatly affect the performance of such sensors. In particular,
doping with CNTs is very promising. Some results of the best
acetone detectors made of SnO, <MWCNT> are shown in
Table 3.

Sensor Work Temp Response (ppm) Ref.
4.70 (0.2)
Sn0, <MWCNT> 250 1002(1000) [5,7,53,54]
Sn0, <MWCNT> 200 120 (2.5) [55]

Table 3: Sn0, <MWCNT> ACETONE SENSORS.

A heterostructure acetone sensor made from NiO-
doped SnO, hollow nanofilaments with porous structures
through the combination of electrospinning technique and
calcination procedure was developed [56]. The excellent
sensing performances of the proposed sensor were ascribed
to its hollow-core structure and Ni doping. In fact, the
presence of heterojunctions formed by the combination of
p-type NiO and n-type SnO, increased the sensor resistance
and sensory responses to acetone vapor. The enhanced
acetone sensing can be ascribed to the formation of p-n
junction between p-type NiO and n-type SnO, grains. The gas
sensor based on NiO- SnO, nanofibers has a maximum gas
response at the operating temperature of 275°C, while the
sensor based on NiO shows the highest responses at 325°C.
NiO- SnO, exhibits a better selectivity than NiO, having a
preferential response to acetone. Therefore, the NiO- SnO,
nanofibers could be used for selective acetone detection.
Acetone sensors based on Sn0,, doped with Eu are reported
in [57,58]. Work temperature was 280°C for such sensors.
Y-doped SnO, nanosensors were developed in [59].

It was shown in Yerevan State University [7] that the
functionalized SnO, -MWCNT thick-film structures with Ru
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catalyzer leads to a considerable increase in response signal
to the VOC gases. Structures were obtained by hydrothermal
synthesis and sol-gel techniques as well as their combination.
The choice of corresponding treating conditions and regimes
for CNTs functionalization as well as thick film surface
modification with Ru catalyst were focused in [7,53,60]. The
testing of all samples at different operating temperatures
in other to compare responses to various considered here
target VOCs was carried out.

The largest and sufficiently selective response to acetone
vapors (Ra/Rg = 1002) at their concentration of 1000 ppm is
achieved at samples with 1:200 (MWCNT: Sn0O,) mass ratio
of the components. The largest response to acetone vapors
(Ra/Rg =555, 62) is fixed for such a set of samples to acetone
vapors exposure 1000 ppm at 250°C operating temperature.
Selective sensitivity of acetone vapors sensors with 1:50
mass ratio of the components appears only at the 300°C
operating temperature.

As an example, the dependence of the 1:200 sensor

response vs acetone vapor concentration at 150°C is
presented in Figure 3. Note that the gas response increases

Copyright© Aroutiounian VM.
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linearly with acetone vapor concentration in its large range.
It opens a possibility to realize an easy detector/measurer of
the concentration of acetone in the air or exhaled breath gas.

Figure 3: Dependence of the SnO2<MWCNT> sensor
response vs acetone vapor concentration.

It is obvious today that the doping of metal oxide with
CNTs leads to better sensitivity and lower preheating of the
work body of a hybrid sensor. Note that several complicate
phenomena processes take place in such functionalized
nanocomposites. The full picture is not possible to propose
today, but we have to take into account the following:
MWCNTs have a huge specific surface area and a nanoscale

Physical Science & Biophysics Journal

structure, which exposes a large number of sites at which
the gases can react. Detection of various gases can be
provided at low temperatures of pre-heating of the work
body of a sensor. The electric conductivity of CNTs is much
higher in comparison with the conductivity of metal oxides.
Therefore, CNTs reduce the resistance of the sensing metal
oxide materials and open the possibility for the percolation
of charge carriers through the sample. Since a metal oxide
film has mainly n-type semiconductor characteristics and
MWCNTs have p-type semiconductor characteristics, there
are two depletion layers in such hybrid films. Note that the
first depletion region is located at the metal oxide surface
and the second one is located in the interface between the
metal oxide nanoparticle and the MWCNTs. Formation of
Nano channels and heterojunctions leads to enhanced gas
sensitivity of such hybridized gas sensors as the decrease
in the work function (barrier height) or increase in the
conductivity of the metal oxide sensitive layer leads to the
improvement in the performance of the gas sensor at low
operating temperature.

The response of the prepared sensor toward 1 ppm
acetone vapor at 250°C was presented in Figure 4 [61]. It
is shown that the resistance decreases very sharply after
exposure of acetone.

concentrations of acetone at 350°C [61].

Figure 4: (a) The response of Sn0, and Sn0,<0.25% MWCNT> sensors in 1 ppm acetone at 250°C. (b) The response of SnO,
sensorin 1 ppmacetone for different CNT loadings at 250°C. (c) The response of Sn0, and Sn0,<0.25% MWCNT> nanocomposite
sensors in 1 ppm acetone at different temperatures. (d) The response of Sn0, and Sn0,<0.25% MWCNT> sensors in different

The addition of MWCNTs improves significantly the
sensitivity of SnO2. The sensitivity study was carried out
for different concentrations of MWCNT to get the highest
response as shown in Figure 4b. It is to be noted that the
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highest sensitivity was achieved for SnO, loaded in 0.25%
MWCNTs. The over-addition of MWCNTs in the composite
decreases the resistance of the sensor sharply. For over-
addition of MWCNTs, the increasing number of electrons in
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the grain boundary reduces the resistance and increase the
sensitivity of the sensors. The response toward acetone vapor
was jumped to 72% after the addition of 0.25% MWCNT. The
response of sensors made from pure nanocrystalline SnO,
and SnO, loaded in 0.25% MWCNTs toward 1 ppm acetone
for different operating temperatures is shown in Figure 4c.
0.25% MWCNT loaded SnO, sensor showed a much better
response at the lower temperature. The sub-ppm level
acetone sensing at 350°C is presented in Figure 4d.

Note that nanonsensors to hydrogen dioxide made of
Sn0,<MWCNT> were reported also in ZnO<CNT> in [62].
Ahmadnia-Feyzabad, et al. [54] also fabricated multiwall
carbon nanotubes 1:200 MWCNT/ SnO, sensors using the
ultrasonic-assisted deposition-precipitation method and
they were used for detection of four VOCs, including acetone.
Significant enhancement of the sensor selectivity to acetone
with respect to gases like toluene and trichloroethylene was
observed. Narjinary, et al. [61] developed highly sensitive
and stable acetone sensor by using MWCNTSs as a substrate
for sol-gel prepared nanocrystalline Sn0O,. It was mentioned
that the enhancement in sensing performance was due to the
formation of hetero-junction and an increase in adsorption
capacity because of the higher surface area of MWCNT.

Non-Invasive Diagnosis of Diabetes

When analyzing the effects of acetone on diabetic
patients, it would probably make sense to start from the
concentration of acetone 1 ppm. Most diabetics are at a
relatively early stage of the disease (the concentration of
released acetone is 1-2 ppm), basically they are not under
the daily supervision of doctors. A miniature and easy
transportable glucose (sugar) meter is needed for such
patients. The dependence of the response of the gas sensor
on the concentration of acetone for a healthy and sick person
is shown in Figure 5 [26].

Figure 5: “Healthy” and “diabetic” regions in the sensor of
silicon-doped WO3 acetone [26].
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The analysis of the acetone influence for diabetic subjects
has the sense to make starting 1 ppm. For its implementation,
it is necessary to have, for example, such a sensor with a
high sensitivity to acetone of the type as measured by Dr. A.
Sayunts at YSU in the concentration range of 1-12 ppm on
our sensor made of SnO, <MWCNT> (Figure 6).

We manufactured earlier semiconductor monitors,
including those using Arduino Nano processors [63]. Note
that for the implementation of a non-invasive monitor
of acetone with a tube, such as shown in Figure 2, it is
additionally necessary to develop the latter with a special
mouthpiece or a drier of the patient’s exhaled air. High
humidity of exhaled air created often corresponding higher
requirements to sensors. Therefore, it is necessary to develop
a pre-concentrator to its. The pre-concentration technique is
well known in chromatography where the separation column
is filled with adsorbent molecules. The same mechanism is
mostly applied for pre-concentrators to exhaled biomarkers.
Two-step pre-concentration in order to reduce the humidity
level in exhaled samples is preferable today.

Figure 6: Dependence of response of our sensor made of
Sn0, <MWCNT> on the concentration of acetone.

Carbon Nanotubes based Biosensors

CNTs based biosensors can be used in ultra-sensitive
and ultra-fast biosensing systems. The basic and some
new developed synthetic methods of CNTs are presented
in [64]. Note that the concept of CNT-based biosensor was
derived from the description of the enzyme electrode by
Clark [65]. In general, the CNT-based biosensor includes
two parts: biological sensitive element and transducer. The
CNT functionalized with biomolecules or bioreceptors,
such as proteins, cell receptors, enzymes, antibodies,
microorganisms, or even whole biological tissues, which are
working as the biological sensitive element [66-68]. The role
of transducer is to convert the concentration of analysts to
other physical signals, such as currents, absorbance, or mass.
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According to the interactions between analysts and the
biological sensitive materials, CNT-based biosensors will be
separated into two categories: chemical and physical. Among
of them, the CNTs-field effect transistors have superior
properties.

The hollow structure of CNTs is good for the adsorption
of enzymes. Therefore, CNTs in amperometric CNTs-based
biosensors are always used to functionalize with enzymes to
generate the enzyme CNT electrodes or to modify the surface
of electrodes. CNTs in the CNTFET biosensor configured
as FETs offer the advantages of possible biocompatibility,
size compatibility, and sensitivity toward minute electrical
perturbations for the detection of biological species [69].
They are also low-cost, low-noise and portable [70]. In
addition, the effective detect area can be made into the size
of a single biomolecules or virus. Because of these unique
characteristics, CNTFET biosensor has been widely used in
the field of biology, such as protein, glucose, enzyme, antigen
and antibody molecules, DNA molecules, bacteria and
hormone [71,72]. In CNTFET biosensor, the preparation of
metal electrodes as source and drain electrode are prepared
on the surface of silicon substrate coated with silicon dioxide
insulating layer. The connection of specific CNTs between
the two electrodes is acted as conductive channel, and
introducing a gate electrode. The CNTs were synthesized
by CVD and the distance between the two electrodes is very
small. The specific antibodies can be coated with CNTs,
specificity adsorption between antigen and antibody could
generate an electric signal that is observed and recorded
[69,73]. According to the different reactants, CNTFETs are
divided into different types of FET including enzyme FET,
immune FET, organization FET, cell FET, and DNAFET. Over
the past decade, many groups have brought significant
contributions in the development of CNTFET biosensors.
For instance, Star, et al. [74] prepared nanoscale FET devices
with SWCNTs as the conducting channel for the electronic
detection of specific protein binding.

Functionalization of CNTs with other nanomaterials,
such as polymer, proteins, DNA, enzyme to improve their
dispersibility and compatibility with the target biological
species [75]. Functionalized CNTs have many improved
characteristics, such as large edge plane, high surface activity,
high catalytic efficiency and more functional groups. Using
the functionalized CNTs can improve the fixed efficiency of
biological recognition of molecules (enzymes, DNA, antigen/
antibody, etc.) in biosensors (Table 2 [65]). Compared
with the conventional solid-state carbon biosensors, the
biosensors made of functionalized CNTs have higher
sensitivity, faster response, and wider detection range. The
roles of functionalized CNTs and technologies how to prepare
the functionalized CNTs are discussed in very interesting and
comprehensive review [65].

Aroutiounian VM. Gas and Biosensors Made from Metal Oxides Doped with Carbon

Nanotubes. Phys Sci & Biophys ] 2021, 5(1): 000176.

Physical Science & Biophysics Journal

Note again that investigations of CNTs look like the
most exciting areas in current materials sciences, and
the development of CNTs for biomolecule detection is
particularly important for bioengineering and biomedical
applications. Novel nanotechnologies such as nanoimprint
lithography and soft lithography are helpful. Both chemical
and physical properties of functionalized CNTs strongly
depend on the ambient conditions, such as temperature
and pH. Some studies have indicated that the sensitivity
and the detection limits is significantly enhanced using
nanocomposite materials combine with CNTs and metal (Au,
Pt, etc.) for biosensor. With the sustainable development of
new nanomaterials combined with CNTs, the characterization
of these new materials at the molecular level is essential
and a key scientific challenge. In parallel with experimental
studies, molecular modeling must be further developed as a
tool to predict the performance of new materials for given
biomolecules. Such computational methods will enable
a quick evaluation of new materials. Clearly, the further
development of CNT-based biosensors will allow to fabric of
such new micro- /nano-devices as bionanosensors.

Recent developments of novel nanosensors offer
promising approaches for improved clinical diagnostics
and treatments, with increasing interest in nanomaterials-
based biosensors [76-89]. A sensor can include antibodies,
aptamers, DNA sequences, molecular imprints, lectins,
or synthetic moieties. Various nanoparticles have shown
the potential to be highly sensitive and selective, such as
metal nanoparticles, quantum dots, nanowires, graphene,
graphene quantum dots, and carbon nanotubes that can
bind and detect biologically relevant concentrations of a
targeting analyst. The use of carbon nanotubes as sensors for
biotechnological and biomedical applications is of particular
interest [90]. SWCNTs demonstrated long-term stability in
vivo [91-95].

The non-photo bleaching, the non-blinking fluorescent
emission of SWCNTs allows using them as optical sensors,
enabling in situ, label-free, real-time detection with both
spatial and temporal resolution [94-96]. Recent studies
have demonstrated the detection of proteins using various
approaches for surface functionalization, including natural
substrates [97-100] and synthetic polymers [94], with
the potential to enable long-term continuous monitoring
of important biomarkers or to replace costly and time-
consuming laboratory testing. The advantages of SWCNTs
for in-vivo and in-vitro biomedical applications such as
drug delivery, imaging, and sensing, focusing on protein
recognition are investigated. Therefore, the properties of
SWCNTs make them excellent candidates for sensing proteins
and bio-macromolecules, with optical signal transduction,
where advancements in nanotechnology design, synthesis,
characterization, and modeling will continue to push forward
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the discovery of new SWCNT-based fluorescent sensors.
Other applications of carbon nanotubes in medicine.

Possibilities to use of gas semiconductor detectors
for detecting diseases, and, in particular, diabetes, in an
organism were discussed above. Note also that detectors
made from other metal oxides can serve as analyzers of
exhaled (for example, [101,102]). So, CNTs an ideal material
for the development of a new class of molecular sensors.

Carbon nanotubes (CNTs) are also widely used in
dentistry, virology, and cardiology. One of the most active
research fields in modern biomedical engineering and
clinical practice is the repair and regeneration of hard tissues
in the human body such as bone and teeth. Traditional
materials that serve as scaffolds in clinical applications
include naturally-derived collagen, chitosan, and different
synthetic polymers. Of course, it is desirable for the scaffold
to be biocompatible and able to control the proliferation and
differentiation of cells into the required lineage and structure.
The good mechanical strength, flexibility, and lightweight
make CNTs ideal materials for use as reinforcement of
engineered composites. Today CNTs are used in functional
scaffolds for repairing and regenerative purposes [103].

Inorganic composite-based MWCNT hybrid membranes
coated with copper(I) oxide, titanium(IV) oxide, and iron(I1I)
oxide nanoparticles were investigated in the removal of
viruses (bacteriophages) from contaminated water and used
as virus adsorbents [104].

Injectable polymer/CNT composites are using today for
enhancing cardiomyocyte proliferation and function [105],
and cardiac differentiation of stem cells [106]. Electrically
conductive CNTs can be used in composite scaffolds as
synthetic cell culture platforms for enhanced differentiation
of human mesenchymal stem cells (hMSCs). Through analysis
of fiber morphology, elastic modulus and conductivity, it
was established that scaffold properties are affected by the
inclusion of CNTs and can be tailored for specific applications.
CNTs-based scaffolds have been recently found to support
the in vitro growth of cardiac cells: in particular, their ability
to improve cardiomyocytes proliferation, maturation, and
electrical behavior are making CNTs extremely attractive
for the development and exploitation of interfaces able to
impact cardiac cells physiology and function.

CNTs are used now as new nanocarriers for drug delivery.
Researchers have recently applied CNTs to diagnose and treat
cancers such as lung, breast, prostate, liver, colon, etc [107].
Besides, quantum dots, gold, and magnetic nanoparticles
were a series of nanomaterials that could be utilized to detect
cancers [108]. The methods of chemotherapy, radiation
therapy, and various medications are used for the detection
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of different cancers (for example, lung cancer [109]). These
methods were not highly effective due to the non-targeted
and damaging of healthy tissues such as hair follicles. Based
on these approaches, damage in the cell cycle, break in the
double strands of DNA, inflammatory responses, tissue
fibrosis, etc., will have occurred. On the other hand, there
were a series of treatment obstacles; low stability, solid
solubility in water, and cell resistance to treatment in the
chemotherapy method.

Tumor-targeting has many difficulties even with using
the specific antibodies to bind to cancer cells; pulmonary
tumors are among the invincible types of cancer, on which
the researchers work to solve this issue. In fact, CNTs are
made in five ways, which are described as arc discharge,
laser ablation, chemical vapor deposition, flame synthesis,
and silane solution methods. Also, CNTs are purified in
three ways as air oxidation, sonication, and acid refluxing.
On the other hand, the CNTs are a fascinating substance
that can be employed to bind proteins, peptides, nucleic
acids, and various drugs. Furthermore, CNTs have a high
potential for drug delivery due to their tubular and fiber-
like structure. The usable techniques to evaluate the CNTs
and drugs with each other were collected as transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), Raman spectroscopy; Fourier transforms infrared
spectroscopy (FTIR), and X-ray diffraction (XRD), etc.

Consider below the pulmonary toxicity assessment
of CNTs. CNTs could quickly enter the lungs through the
respiratory tract and then rapidly enter and affect the
nervous, lymphatic, and circulatory systems, leading to
toxic effects [110]. The main reasons for these toxic effects
can be durability, the amount of residual oxygen reactive
metal, and size. By removing the residual metals and
selecting appropriate dimensions, the CNTs can be safe in
drug transmission. The smaller sizes were with less toxicity;
furthermore, the concentration of metal impurities such as
iron did not contribute to toxicity [111]. Indeed, the greater
the curvature, the less damage occurred to the cells. Due to
the high structural similarity of CNTs with asbestos, which
is usually used, similar physiological effects on the human
bronchial epithelial cells are shown. In humans exposed
to the CNTs, they could induce lung and pleural lesions,
inflammation, pleural fibrosis, and lung tumors. The stiffness,
hardness, length, width, and CNT longevity are five factors
that could induce a harmful effect.

The too-lowest dose of MWCNTs could induce
pulmonary fibrosis. Also, MWCNTs, like asbestos, could
alter the expression of several genes and cell survival and
proliferation [112]. The CNT produced the least toxicity
compare with asbestos. On the other side, functional CNT
showed less toxicity with higher activity toward CNT without
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functionalization. The safe applied dose of CNTs was not yet
finally determined [113]. Also, researchers can reduce (rule)
the toxic effects by choosing the appropriate dimensions
(shorter length and higher width), more curved nanotubes,
and using the functionalized form [114]. Moreover, the
MWCNT was used more efficiently due to less toxicity toward
SWCNT. On the other side, there were significant contrasts in
using the nanotubes which induced tumor growth and tumor
suppressor protein.

Using CNTs in lung cancer treatment is very promising.
Generally, lung cancer’s clinical manifestations include
fatigue, coughing, wheezing, pain in the chest, the brevity
of breath, swallowing hardness, anxiety, and yellow fingers.
Also, a lung cancer diagnosis is possible with helping 4
methods with the names of radiological, non-radiological
imaging such as MRI, endoscopic, and biochemical methods
[115]. As usual, diagnosis, type, and degree of lung cancer
are performed by CNTs scan imaging [116,117]. But,
unfortunately, too low-dose CNT scans may bring false-
positive answers about having lung cancer [118]. Today, the
biomarkers of both protein and genetic modifications are
known for lung cancer.

Numerous biosensors were studied to bind to these
biomarkers for non-invasive detection [119]. The sensor
array of CNTs has demonstrated a discrepancy between the
healthy and the patient respiratory sample in the volatile
organic components (VOC). Therefore, the detection of VOCs
and tumor markers by breath analysis with helping CNT is
a modern and studied method. [20,21,120]. The sensors
identify different biomarkers due to the solubility, polarity,
and chemical associations, especially for tuberculosis disease
[121]. The design of an electronic nose with CNTs to delete
the VOC of lung cancer patients was an inexpensive and rapid
method. Water, methanol, isopropanol, ethanol, acetone,
2-butanone, and propanol were found as polar vapors lung
cancer biomarkers. The CNTs, doped with platinum, can
detect styrene and benzene vapors that existed in the exhale
of lung cancer patients. This sensitivity was very low in
natural nanotubes.

SWCNTs decorated with Pd, Pt, Ru, or Rh elements
could also be used to detect toluene gas as an indicator of
lung cancer. Research, conducted in [122], stated that a
biosensor created by CNT covered with Rh catalyzer can
distinguish and absorb C,H.N, and C,H, in the exhaled air
of lung cancer patients [120]. Another scheme used to
enhance lung cancer detection was preparing a combination
of SWCNT and chitosan [123]. Due to the differences in
nicotinic acetylcholine receptors in normal and small cells
of lung cancer, the nanotube-based electrode sensor for
the quantitative electrophysiological monitoring of a no
adherent cell has been demonstrated [124].
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Conclusion

Excellent physical properties of CNTs are using for the
manufacturing of many electronic devices. Single wall CNTs
and gas sensors based on them are also promising for the
detection of many important gases including gases exhaled by
the organism. The treatment with CNT is much more effective
than the traditional treatments. Using the functionalization,
nanotubes with a longer length, more width, and greater
curvature partially can be make with lower toxicity. CNTs can
be used for effective drug delivery and toxicities of tumor
cells without the damage of healthy ones.

The paper presents and discusses also the work carried
out on non-invasive metal oxide sensors (chemiresistors) for
acetone exhaled by diabetics. Such sensors are manufactured
using the methods of modern microelectronic technology.
The response of chemiresistors made of SnO, doped with
MWCNT was measured at a concentration of acetone
released from 1 to 12 ppm, typical for diabetics. Carbon
nanotubes (CNTs) are also widely used in dentistry, virology,
and cardiology.

Application of CNT-based sensors to breath analysis,
properties of the SWCNTs gas sensors with metal
nanoparticles and metal oxides and CNTs biosensors are
reviewed in this paper.
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