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Abstract

Exhaled breath test is a typical disease monitoring method for replacing blood and
urine samples that may create discomfort for patients. To monitor exhaled breath
markers, gas biomedical sensors have undergone rapid progress for non-invasive and
point-of-care diagnostic devices. Among gas sensors, metal oxide-based biomedical
gas sensors have received remarkable attention owing to their unique properties,
such as high sensitivity, simple fabrication, miniaturization, portability and real-time
monitoring. Herein, we reviewed the recent advances in chemoresistive metal oxide-
based gas sensors with ZnO, SnO,, and In,O, as sensing materials for monitoring a
range of exhaled breath markers (i.e., NO, H,, H,S, acetone, isoprene and formalde-
hyde). We focused on the strategies that improve the sensitivity and selectivity of

metal oxide-based gas sensors. The challenges to fabricate a functional gas sensor
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1 | INTRODUCTION

Breath analysis is a promising approach for monitoring diseases and
their progression as it provides a non-invasive, very safe and simple
way for all patients as many times as needed. The exhaled breath
markers (EBMs) compose of inorganic compounds (e.g. carbon diox-
ide, carbon monoxide and nitric oxide), voltaic organic compounds
(e.g. isoprene, formaldehyde, and acetone) and non-voltaic com-
pounds (e.g. cytokines and hydrogen peroxide; Cazzola & Novelli,
2010; Kim, Jahan, et al., 2012; Lu et al., 2018; Wang & Sahay, 2009).
The abnormal level of EBM carries some information about the dis-
ease status and treatment efficiency (Das & Pal, 2020). Many clini-
cal trials focused on EBM for the diagnosis of disease ranging from
respiratory, diabetes to cancer (Brinkman et al., 2020; Chang et al.,
2018; Gregis et al., 2018; Kabir et al., 2019; Rahman et al., 2020).
To monitor EBM, various techniques have been utilized, such
as chromatography, selected ion flow tube-mass spectrometry

(SIFT-MS), proton-transfer reaction-mass spectrometry (PTR-MS)and

with high sensing performance along with suggestions are outlined.

exhaled breath marker, gas medical sensor, metal oxide, nanomaterial, non-invasive disease
diagnosis, point-of-care device, selective detection

laser spectroscopy technique (Das & Pal, 2020; Kharitonov & Barnes,
2002; Kim, Jahan, et al., 2012). Among them, chromatography-mass
spectroscopy (GC-Mass) is a well-established method in clinical trials
for monitoring EBM, owing to its outstanding precision and selec-
tivity (Wang & Sahay, 2009). However, GC-Mass application often is
limited to laboratory usage due to requiring sophisticated, bulky and
high-cost instruments, and experts (Glockler et al., 2020). To date,
the advances in portable gas sensors with the miniaturized size hold
great potential to overcome such shortcomings and pave the way for
point-of-care EBM monitoring.

Chemoresistive metal oxide-based gas sensors (MGSs) identify
the target gas by using a change in electrical resistance that trans-
lates to the gas concentration. Recently, MGS has received much
attention given for their great potential in breath analysis owing to
the advantages such as straightforward integration in a chip, simple
manufacturing, high stability and reusability (Cho et al., 2017; Das &
Pal, 2020; Guntner et al., 2019; Tai et al., 2020). The metal oxides
are categorized into n-type and p-type. In the n-type MGS, adsorbed
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air oxygen onto the metal oxide receives electrons from metal
oxide via conduction bands. This electron transformation causes a
reduction in carrier charges in metal oxide surface and formation
of the depletion layer and also the formation of oxygen ions (072
O~ or 0%) (Moseley, 2017). The reducing target gas takes electrons
from oxygen ions and transport electrons to the conduction band
of metal oxides resulting in an increasing conductivity and reducing
resistance. In the case of exposure to the oxidizing target gas, the
overall result reduces the conductivity. In the p-type metal oxide,
the adsorbed oxygen traps the electron through the valance band of
metal oxide that results in generation holes. The effect of exposure
to the reducing or oxidizing target gases on the conductivity is the
reverse of n-type cases. Beyond n-type or p-type metal oxide as a
sensing material, combining metal oxides with other metal oxides,
noble metals and carbon-based materials might generate p-p, n-p
and n-n type heterojunctions and potentially further enhance the
electron mobility (Amiri et al., 2020).

Herein, we focus on MGS for disease diagnosis by EBM.
Subsequent sections indicate the current state of gas sensors based
on the three most common metal oxides including ZnO, SnO, and
In,O, with paying attention to the role of nanomaterials in enhanc-
ing the analytical performance of the sensors. We also describe re-
cent progress in gas sensors along with the strategies to improve
their sensing performance.

2 | EXHALE BREATH MARKERS

Exhaled breath composes of more than a thousand gases of which
some of these gases are known as EBM that any variations in their
concentrations initiate disorders and diseases. The most common
EBM and their corresponding disease are briefed in Table 1. As
shown in some cases, the abnormality in EBM renders several dis-
eases, while several EBMs might be attributed to particular diseases.
Still, the exploration of breath analysis in the clinics is very imma-
ture. There are great challenges for the standardization of EBM as-
sessments that include but not limited to inter-individual variability

stemming from genetics, human activities or air pollutions. Despite

TABLE 1 Exhale breath markers and corresponding diseases

Biomarker Disease
Acetone (OC(CH,),) Diabetes, lung cancer, congestive heart failure
Isoprene Blood cholesterol level, lipid disorder, fibrosis and

cirrhosis

Nitrogen monoxide (NO)

Formaldehyde (HCHO) Lung cancer

Hydrogen (H,) Intestinal upset, indigestion in infants

Hydrogen sulphide (H,S)
(COPD)

Asthma, chronic obstructive pulmonary disease
(COPD), lung disease, airway inflammation,
hypertension, rhinitis, cystic fibrosis

Asthma, chronic obstructive pulmonary disease

such challenges, there is remarkable progress in revealing the con-
nection between EBM and disorders (Guntner et al., 2019). The iden-
tification of acetone as EBM for diagnosis of diabetic people backs
to 1857 (Crofford et al., 1977) resuming with continuous efforts on
the investigation of EBM to accurately diagnose diseases.

In a recent study, by taking benefits from data analysis meth-
ods, seven biomarkers for the discrimination of lung cancer patients
from healthy ones were named as acetone, methyl acetate, isoprene,
methyl vinyl ketone, cyclohexane, 2-methylheptane and cyclohexa-
none (Rudnicka et al., 2019). To date, by utilizing nanomaterials into
sensors, the exhaled breath analysis has become more achievable
for rapid and painless disease diagnostic.

3 | METAL OXIDE-BASED GAS SENSORS
FOR THE DETECTION OF EXHALED BREATH
MARKERS

The analytical performance of gas sensors at the operating temper-
ature and relative humidity (RH) is determined with the following
characteristics. (i) Selectivity: the main challenge in MGS is selectiv-
ity for the accurate detection of EBM that often is modulated by the
type and amount of dopants, grain size, morphologies and prepara-
tion protocols (Kim, Kim, et al., 2012; Kim, Choi, et al., 2016). The
selectivity of metal oxide-based gas sensors is often reduced in the
interferences of water vapours (Liu et al., 2020). It is of note that
the RH of human breath is about 89%-97% (Ferrus et al., 1980). (ii)
Limit of detection (LOD): the EBM concentration is in the range of
ppb-ppt, and the MGS should have high sensitivity for detection
of trace level of EBM (Das & Pal, 2020). (iii) Stability: MGS should
be stable to generate reliable and reproducible results. In the fol-
lowing, we will discuss recent MGS with the focus on ZnO, SnO,
and In,0,. These metal oxides are n-type semiconductors, mean-
ing that they have a similar mechanism in response to the oxidizing/
reducing target gas (Zhang, Liu, et al., 2016). Due to taking benefit
from the high electron mobility, they use as sensitive platforms for
the detection of gases (Ho et al., 2011; Zhang, Zhou, et al., 2016).

Among these three metal oxides, ZnO has been extensively studied
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in medical gas sensors due to low toxicity, ease of preparation and
cost-effectiveness (Wei et al., 2011). Compared to ZnO, SnO, and
In,O, standing out for their high stability (Bulemo et al., 2017) The
operational temperature of these metal oxides often is high (150-
400°C) (Zhang, Liu, et al., 2016). Integration of these metal oxides
with noble metal elements and carbon nanostructures is importance
as it might lower their operational temperature to room tempera-
ture. Table 2 summarizes recent MGS with their key characteristics
for EBM detection.

3.1 | ZnO-based gas sensors

ZnO is a very active semiconductor metal oxide for disease monitor-
ing due to its excellent biocompatibility, low cost and environmental
friendliness. ZnO morphology adjustment is important to maximize
the interaction between the adsorbed oxygen and the target gas
and thereby the sensitivity of MGS. Sensitivity and selectivity of
ZnO-based metal oxides are often tailored via integration with other
metal oxides (e.g. CuO) and noble metal elements that might tune
the Schottky barrier modulation and provide multiple p-n hetero-
junctions (Kim, Jahan, et al., 2012; Li et al., 2019).

In recent years, the modification of ZnO with CuO for MGS has
received remarkable attentions. Various morphologies of ZnO-CuO
nanocomposites were explored for MGSs such as flower-like (etha-
nol), nanorods (H,S) (Kim, Jahan, et al., 2012) and three-dimensional
inverse opal (3D |0) structures (acetone) (Xie et al., 2015). ZnO-CuO
nanocomposites provide n-p type heterojunction that stems from a
combination of ZnO (n-type) and CuO (p-type) where the fabrication
of such heterojunction can lead to increased resistance as an output
signal when compared to pure ZnO and CuO (Xie et al., 2015). 3D
10 ZnO-CuO nanocomposite with well-ordered pores was evaluated
for sensing acetone at LOD = 0.1 ppm in breath. The acetone con-
centration in the exhaled breath of healthy people is approximately
0.3 to 0.9 ppm and that in diabetic patients, type 1 and type 2, is
2.2 ppm and 1.7 ppm, respectively; therefore, the latter sensor can
meet the requirement of the proper dynamic linear range and LOD
for diabetic diagnosis (Table 2) (da Silva et al., 2016). The interaction
between the metal oxide and gases occurs near the surface of metal
oxide. However, porous structures not only have active sites near
the surface but also have channels at the inner sites that give rise to
the number of reaction sites and thereby the sensitivity (Kim, Choi,
et al.,, 2016). 3D IO ZnO-Fe,O, nanocomposite also indicated high
sensitivity for the detection of acetone, while the overall analytical
performance of MGS based on 3D IO ZnO-CuO nanocomposite is
superior to 3D 10 ZnO-Fe;0O, nanocomposite (Table 2) (Zhang et al.,
2017). The role of ZnO morphologies in the detection of the target
gas was studied, and as a result, 3D IO ZnO response towards ace-
tone was 2.2 times more than ZnO nanoparticles due to the large
surface-to-volume ratio of 3D 10 morphology that boosted the sensi-
tivity by providing more active sites. The high operating temperature
in these two works limits their practical applications for breath anal-
ysis as per their high-energy consumption and difficult operation.

R e

Importantly, high operating temperature reduces the discrimination
capability of MGS in actual breath since voltaic organic compounds
might be unstable and decomposed to other compounds.

Metal doping enhances the selectivity of gas sensors and am-
plifies the response towards the target gas (Kim, Ahn, et al., 2016).
Additionally, metal doping leads to rapid response and recovery
time. Ti doping on ZnO by flame spray reactor led to good isoprene
sensing abilities. The preparation method for Ti-ZnO particles is
illustrated in Figure 1A where Zn and Ti metal ions mixed before
spray (Guntner et al., 2016). The incorporation of Ti** reduced the
particle and crystal size of ZnO by which could further enhance the
sensitivity. Isoprene gas is employed for monitoring the high level of
cholesterol (Guntner et al., 2016). Treatment with atorvastatin led
to the reduction in the exhaled isoprene level suggesting isoprene
as a predicting biomarker for evaluating the efficiency of treatment
in a rapid manner (Karl et al., 2001). Ce-doped ZnO amplified the re-
sponse to acetone at room temperature (RT) owing to the generation
of various cerium specious (Ce?*, Ce®* and Ce**) that produced many
oxygen vacancies for electron transportation with metal oxides and
the target gas (Kulandaisamy et al., 2016). However, at RH equal to
54 humidity of breath is not mimicked. In addition to Ce, Pt and La
doping on ZnO presented great sensitive materials for acetone de-
tection, as discussed in the following.

The integration of Pt nanomaterials into a sensing platform has
been widely reported owing to the high catalytic activity of these
nanoparticles in the redox process that enhances sensing charac-
teristics (Cho et al., 2017; Haghshenas et al., 2020). Notably, the
methodology for the incorporation of nanomaterial into ZnO plays
a significant role in ensuring its catalytic activity in the absence of
agglomeration. To provide functional Pt, La and Cu nanoparticles
for the modification of ZnO nanofibres, Cho et al. applied the pro-
tein template termed apoferritin followed by calcination as shown
in Figure 1B (Cho et al., 2017). With the use of apoferritin, the
repulsive forces between protein shells not only inhibited the ag-
gregation of nanoparticles but also significantly improved the size
distribution of Pt through the encapsulation in apoferritin nano-
cages. Pt-functionalized ZnO nanofibre implied the response (Rair/
Rgas = 13.07) towards acetone compared with the response (Rair/
Rgas = 2.05) of ZnO nanofibres. The catalytic activity of Cu-ZnO
nanofibres resulted in (Rair/Rga = 6.04) and that of La-ZnO nanofi-
bres led to the responses (Rair/Rgas = 10.6) towards acetone. Similar
gas sensors were reported somewhere else where WO, nanofibres
were modified with Pt nanoparticles using apoferritin (Kim et al.,
2017; Kim, Choi, et al., 2016).

Operational temperature plays a critical role in the sensing effi-
ciency of MGS. The response of hierarchical ZnO gas sensor towards
acetone, as a function of the operating temperature, was studied;
the unique U-shape response attributed to the oxidizing and reduc-
ing behaviour of acetone at 25°C and 200°C, respectively (Singh
et al., 2019). This study further highlights the challenges associated
with MGS rely on high operational temperature regardless of the
behaviour of exhaled breath compounds. It is of note that high op-
erational temperature may change the selectivity of MGS (Nguyen
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FIGURE 1 ZnO metal oxide preparation approach for gas sensors. A. (a) Schematic of the preparation process of Ti-doped ZnO by the
flame spray in which the products were directly deposited on the sensing platform. (b) STEM morphology image of Ti-doped ZnO. Elemental
mapping of Zn distribution (red) in (c) and Ti distribution (green) in (d). EDX (e, f) of the selected area in (d); reproduced from Guntner et al.
(2016) with the permission from The Royal Society of Chemistry. B. Schematic of the preparation process of nanomaterials with a protein
template named apoferritin. (g) The SEM image of Pt-ZnO nanofibres after calcination (Cho et al., 2017)

et al.,, 2017). Therefore, developing MGS that enabled to work at
room temperature is desirable.

3.2 | SnO,-based gas sensors

SnO, (n-type semiconductor) is one of the most explored metal ox-
ides in MGS fields owing to its outstanding stability, wide bandgap
and excellent electron mobility. SnO, with various morphologies,
such as powder (Cirera et al., 1999), nanowire (Hwang et al., 2011;

Wang et al., 2008), nanotube (Bulemo et al., 2017), SnO,-ZnO core-
shell nanofibre (Choi et al., 2009) and SnO,-ZnO core-shell nano-
spheres (Zhang, Zhou, et al., 2016), was studied in gas sensors. In
an interesting study, the preparation of porous SnO, nanotubes was
reported from SiO,-SnO, composites after SiO, etching followed by
the decoration of exteriors and interiors walls with Pt nanoparticles
(Figure 2) (Bulemo et al., 2017). This sensing platform revealed a re-
markable response (R air/R gas = 89.3) towards 1 ppm H,S. Excellent
surface area, nanosize crystals and the exceptional electrocatalytic
property of Pt nanoparticles led to remarkable sensing performance.
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FIGURE 2 Gas sensor based on
Pt-decorated SnO, nanotubes. (A)
Schematic of the preparation process

of Pt-decorated SnO, nanotubes. (B)
Electrospinning nanofibres. (C) SiO,-cored
SnO, nanofibres. (D) SnO, nanotubes, (E)
TEM image of Pt-SnO2 nanotubes, EDS
mapping of Pt-SnO2 (F); reprinted with
the permission from Bulemo et al. (2017),
Copyright (2017) American Chemical
Society

200 nm

The high RH (95%) superior sensing performance of this gas sensor
is attributed to residual SiO, that is responsible for humidity adsorp-
tion, while it did not contribute to H,S sensing because of dielectric
characterization.

SnO,-based metal oxide sensors often need high operational
temperature for gas sensing, and this increases the power consump-
tion and shortens the lifetime of a sensor. To solve this issue, the Pd
layer was deposited on SnO, nanowires prepared through on-chip
growth approach. As a result, it lowered the operational tempera-
ture for the detection of H, to 150°C, while bare SnO, nanowires
were comparably able to detect H, at a temperature of higher 350°C
(Nguyen et al., 2017). Additionally, the selectivity of the gas sensor
chip was evaluated in the presence of CO, and ethanol as interfer-
ences. Although the senor did not indicate enough selectivity in eth-
anol, the response was remarkable for the detection of H, in the
presence of CO,. High operational temperature (150°C in this case)
might be the reason for the low selectivity of this sensor as the be-
haviour of gases at high temperature is complex. Some images from
this gas sensor chip are shown in Figure 3.

The low sensitivity of MGS particularly at high RH of the exhaled
breath is one of the greatest challenges of gas sensors. This is due
to the presence of superficial hydroxyl groups on metal oxides that
conclude in undesirable reactions with false results. To reduce the

number of hydroxyl groups on metal oxide surfaces, dry synthesis of

nanomaterials and high-temperature annealing is suggested (Vasiliev
et al., 2018). In a study, a spark discharge approach was applied for
the dry synthesis of SnO, to generate airborne SnO, nanoparticles,
which are separated with air gap for the purpose of H, detection
(Vasiliev et al., 2018). Additionally, surface saturation of metal oxide
with hydroxyl groups could provide highly sensitive MGS at high RH
since they do not adsorb more hydroxyl groups.

With a synergistic effect, the decoration of metal oxides with
bimetallic nanoparticles is superior to their individuals for enhancing
the sensitivity of MGS. Bimetallic nanoparticle decoration tailors the
surface electronic structure of metal oxide and reduces the activa-
tion surface energy, and as a result, facilitates the electron transport
for sensitive target detection. Generally, to ensure the high catalytic
performance of bimetallic nanoparticles when integrated into MGS
the size, morphology, dispersibility and also compatibility of bime-
tallic nanoparticles with metal oxide substrate should be taken into
consideration (Kim et al., 2017). In a study, SnO, nanosheets with
flower-like morphology decorated with PdAu bimetallic nanoparti-
cles showed an excellent sensing platform for the detection of ac-
etone at 250°C with features of reusability and reliability at high
RH (Li et al., 2019). PdAu-SnO, had the sensitivity towards form-
aldehyde at the temperature of 110°C. This study highlighted the
concern about the cross-sensitivity in an actual breath when the

temperature is high.
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FIGURE 3 Metal oxide-based gas sensor. (a) Fabrication of the sensor chip on the glass substrate. (b) SEM images of SnO2 nanowires as
sensing material prepared through growing on a chip. (c, d) Sensor packaging. (e) Schematic of the setup of sensor chip (Nguyen et al., 2017)

The majority of current MGS suffered from low selectivity. Many
researchers focus on the optimization of the experimental con-
ditions to overcome this problem. However, developing MGS that
relies on EBM separation with a filter and membrane holds a great
promise for improving the selectivity of MGS, even in the cases that
the materials do not have enough selectivity towards the target gas
(Gregis et al., 2018).

Reduced graphene oxide, as a two-dimensional nanostructure,
with excellent surface-to-volume ratio, low toxicity and outstand-
ing electron mobility (200,000 cm? V15™Y), has been widely utilized
for disease monitoring (Feng et al., 2017; Lee et al., 2018; Vajhadin
et al., 2020; Zhang et al., 2018). In addition to graphene, other two-
dimensional materials such as 2D-SnSe, and Ti;C,MXene have
employed for producing flexible MGS owing to lightweight, out-
standing flexibility and low cost (Sun et al., 2020; Tannarana et al.,
2020). Recently, Lee et al. reviewed carbon-based materials such as
graphene oxide as a sensing substrate for the detection of NO, gas
(Lee et al., 2018). The nanocomposite of reduced graphene oxide
and SnO, indicated the enhanced sensitivity for ethanol detection
compared with hollow SnO, nanostructures in humid and dry condi-
tions (Figure 4) (Zito et al., 2017).

The combination of reduced graphene oxide (p-type), polyani-
line (p-type) and SnO, (n-type) served as a flexible sensing plat-
form for the detection of very low concentration of H,S (0.05 ppm)
(Figure 5) (Zhang et al., 2019). Data processing for the recognition
of H,S through principal component analysis (PCA) was beneficial
to improve the quality and reliability of their sensor. Generally, data
analysis methods, including PCA, partial least squares (PLS), neural
networks and Gaussian mixture models (GMMs), hold the potential
to differentiate the target EBM among thousand EBM in exhaled
breath (Rahman et al., 2020).

Hollow SnO ,

HDepletion layer 00
EConducting region ©OH

(A) Dry

() Wet

CH,CH,0H  CO,+H,0 . CH,CHOH CO,+H,0

FIGURE 4 Schematicillustration of ethanol monitoring using
reduced graphene oxide-SnO, nanocomposites substrate in dry
and humid conditions (Zito et al., 2017). Electron transfers from
SnO, to reduced graphene oxide that results in increasing depletion
layer in SnO,. In humid conditions, the formation of Sn-OH led to

a reduction in the depletion layer of SnO, hallow nanospheres and
thereby reduction in the resistance resulting in the decrease in
ethanol responses

3.3 | In,0,-based gas sensors

In,O, metal oxide has recently emerged as a promising metal oxide
for MGS; however, its potential as a sensing material has been less
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FIGURE 5 (A)Schematic illustration
of the interaction between p-type

and n-type materials to H,S. (B) P-n
heterojunction in the SnO,/rGO/PANI
nanocomposite (Zhang et al., 2019). In
the presence of the H,S, the thickness of
the electron depletion layers is decreased
resulting in a decrease in the sensor
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air
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FIGURE 6 A portable gas sensor based on Pt@In,0O, nanowire
for real-time acetone monitoring (Liu et al., 2018). (A) Schematic

of the gas sensor performance. The senor response for measuring
acetone in exhaled breath of healthy (B) and diabetic (C) volunteers

nanowires for real-time acetone measurement in exhaled breath
(Figure 6) (Liu et al., 2018). Pt@In,O, core-shell structures, prepared
by the co-electrospinning approach, lowered the measured LOD to
0.01 ppm at the operational temperature 320°C. Additionally, the
parallel moisture resistance layer (mesoporous silica molecular sieve)
that covered the sensing materials led to the functionality of the gas
sensor at RH ~100. Liu et al also reported another gas sensor for the
detection of acetone by Pt-decorated In,O, mesoporous structures
at a lower operational temperature (180°C) with very rapid response
and recovery time of 6 s and 9 s, respectively (W. Liu et al., 2019).
Besides, the sensor indicated high stability for 150 days that can be
attributed to SnO, and the doping effect.

4 | CONCLUSIONS AND PERSPECTIVES

Rapid advancement in MGS leads to non-invasive and rapid moni-
toring of diseases on the basis of EBM. In this study, we reviewed
the latest advances in metal oxide-based gas sensors for the detec-
tion of EBM with a focus on ZnO, SnO,, and In,0, owing to their
unique sensing properties, satisfying stability and high compatibil-
ity for embedding into miniaturized chips. Despite progress in MGS,
it is not profitable to use the majority of MGSs out of laboratories
on a large scale. In fact, they are in their infancy and much more
efforts needed to produce portable MGS to accurately character-
ize EBM in the actual exhaled breath. Generally, the bottlenecks of
current MGS are as follows: (i) poor selectivity due to the difficulty
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of recognition of EBM among various chemically similar molecules;
(ii) unreliable responses at high RH (~100%) that mimics the amount
of moisture in the exhaled breath; and (iii) high operational tem-
perature that restrains the practical application of MGS for breath
analysis. Coupling MGS with separation columns or membranes
would significantly reduce the concern about the selectivity of the
current MGS. In addition, statistically processing MGS responses
elevates the selective detection by MGS. Utilizing new humidity-
resistance composites in MGS leads to functional MGS in the hu-
midity of breath.
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