Exhaled Breath Sensors
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Abstract This chapter reports a comprehensive review of the state-of-the-art in
research on daily health monitoring and early diagnosis of specific diseases via the
analysis of exhaled breath biomarkers. Different types of breath analyzing tech-
niques including gas chromatography/mass spectroscopy (GC/MS), selected-ion
flow-tube mass spectroscopy (SIFT-MS), and proton transfer reaction-mass spec-
trometry (PTR-MS) are compared to evaluate the unique strengths of each method.
Recently, as an emerging breathsensing technique, we highlight chemiresistive-type
gas sensors with characteristics of portability, cost effectiveness, and real-time
analysis. Among various diseases, we focused on studies related to the diagnosis of
diabetes and lung cancer. A number of studies have demonstrated a strong corre-
lation between exhaled breath components and specific diseases, thus offering
strong potential for clinical diagnostic application using exhaled breath sensors. In
addition, we also summarized recent progress on daily healthcare such as
fat-burning and halitosis through breath analysis. Finally, future perspectives on
clinical applications using breath analyzing techniques are discussed.

Keywords Breath analysis + Sensor - Diabetes « Lung cancer - Halitosis - Fat
burning

1 Introduction

1.1 Disease Markers in Exhaled Breath Gases

Human breath contains a number of volatile organic compounds (VOCs). Accurate
detection of specific VOCs in exhaled breath, known as biomarkers, can provide
essential information for the diagnosis of specific diseases. Breath analysis is a very
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powerful tool for clinical diagnostics because it is noninvasive, painless, cost
effective, and easily repeated [1-4]. The variations in the concentration of the
exhaled VOCs that may serve as biomarkers for specific diseases can be used as
clinical information for distinguishing healthy and sick people. A number of bio-
markers in exhaled breath, which have strong correlations with specific diseases,
have been identified in various studies [5-8]. For example, hydrogen sulfide,
acetone, toluene, ammonia, nitrogen monoxide, and pentane are known to have
strong relationships with halitosis, diabetes, lung cancer, kidney failure, asthma,
and heart disease, respectively. In particular, nitrogen monoxide sensors for the
monitoring of asthma have been successfully commercialized [9, 10]. Moreover,
intensive research is still underway to develop breath analyzing devices with high
accuracy for early detection of lung cancer and diabetes. Recently, new attempts
related to daily health monitoring such as halitosis and fat burning using analysis of
exhaled breath have been introduced. In this chapter, several types of exhaled
breath sensors as well as recently identified pathological exhaled biomarkers with
respect to specific diseases will be presented.

1.2 Various Tools for Analysis of Exhaled Breath Gases

The noninvasive diagnosis for various diseases is a distinctive advantage of exhaled
breath analysis techniques as compared to commonly used methods (e.g., computed
tomography or an endoscope) which are often invasive and complex. For this
reason, gas detection techniques such as gas chromatography/mass spectroscopy
(GC/MS), [11, 12] selected-ion flow-tube mass spectroscopy (SIFT-MS), proton
transfer reaction-mass spectrometry (PTR-MS), and semiconductor metal oxide
(SMO)-based chemiresistive sensors have been widely adopted to detect sub-ppm
concentrations of VOCs in exhaled breath. Highly sensitive and selective detection
of exhaled breath components has been achieved using these techniques for clinical
diagnostic application. The basic operating principles as well as strengths and
weaknesses of each method are summarized in Table 1. GC-MS is a commonly
used analysis technique to identify traces of VOCs in exhaled breath. To separate
the VOC compounds, two types of chromatographic columns, i.e., polar and
nonpolar columns, are generally used [13]. A nonpolar column can separate VOC
components according to the boiling points. On the other hand, a polar column
separates VOC compounds depending on the polarity difference. The separated
compounds are analyzed by MS for quantification of the individual compounds in
breath. A statistical analysis of the data obtained by GC-MS measurement is then
accompanied to identify the disease biomarkers. Although GC-MS shows high
sensitivity of ppb level in the analysis of breath components, a time-consuming
process accompanying preconcentration steps limits its practical application. For
this reason, real-time analysis techniques such as PTR-MS and SIFT-MS are widely
used [14—17]. PTR-MS measures the ionized VOCs produced by reaction with
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Table 1 Comparison of breath analysis techniques
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Types Principle Merit Demerit
GC-MS Analyzing separated Capability of ppb | Preconcentration
compounds by MS using detection steps, bulky,
chromatographic column expensive, and
(polar or non-polar) requires trained
operator
PTR-MS Analyzing ionized Real-time, Lack of
molecules of target capability of ppt specificity, bulky,
analytes by reaction with detection and requires
H;0" by MS trained operator
SIFT-MS Analyzing ions produced Real-time, Bulky, and
by the reaction of capability of ppt requires trained
analytes and precursor detection operator
ions (H30", NO* or 0,")
by quadrupole MS
SMO-based Measuring resistivity Real-time, Relatively low
chemiresistive-type changes based on the portable, sensitivity and less
sensor thinning or thickening the | inexpensive, and selectivity
depletion layer of n-type capability of
SMOs and hole sub-ppm
accumulation layer of detection
p-type SMOs around the
surface when exposed to
oxidizing or reducing gas
ambient

precursor hydronium ions (H3;0") in a drift-tube reactor. PTR-MS with high sen-
sitivity, which can detect ppt levels of VOCs in breath within 10 s, allows online
breath analysis. However, it is difficult to specify a number of VOCs using only
PTR-MS due to limited numbers of precursors.

The lack of specificity of PTR-MS can be addressed by SIFT-MS. SIFT-MS
utilizes three ion precursors, i.e., H;0*, NO*, and O,", for chemical ionization in a
flow tube with VOCs, in contrast with PTR-MS, which uses only one ion precursor
of H30". The ion precursors of NO* and O, are capable of identifying VOC
compounds such as light hydrocarbons and halogenated species, which do not react
with H;O". SIFT-MS can thus very sensitively detect ppt levels of VOCs with a
real-time quantitative analysis, allowing online breath identification. However,
analyzing equipment such as GC-MS, PTR-MS, and SIFT-MS are bulky and
expensive, which limits application for portable devices. An emerging
chemiresistive-type breathsensing technique using SMO-based materials is
receiving attention due to its high potential for miniaturization to develop portable
diagnostic devices. A simple analyzing principle by measuring resistivity changes
of SMO-based materials is advantageous for low cost analysis techniques.
A resistivity change occurs by thinning or thickening the depletion layer of n-type
SMOs and hole accumulation layer of p-type SMOs around the surface. For
example, n-type SMOs such as SnO, (tin oxide), WO; (tungsten oxide), and ZnO
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(zinc oxide) enter a high resistivity state when exposed to ambient air by thickening
the surface depletion layers. This is attributed to electron attraction from the con-
duction band of SMOs by chemically adsorbed oxygen species such as O~, O,, and
O>". When reducing VOCs such as hydrogen sulfide, acetone, and toluene are
exposed to n-type SMOs, the adsorbed oxygen species are eliminated by donating
the bound electrons to conduction band, thereby thinning the depletion layer, which
results in decreased resistivity. The fast responding resistivity changes depending
on the measurement ambient allow real-time diagnosis of disease by a breath
analysis. However, low sensitivity and less selectivity of SMO-based sensors are
limitations for precise diagnosis of diseases. For this reason, highly sensitive as well
as extremely selective VOC sensing SMO layers, i.e., materials and structures,
should be developed [18].

The current analysis techniques have several advantages and disadvantages.
Therefore, adequate breath analysis techniques should be selected depending on the
concentration ranges of the targeted biomarkers.

2 Exhaled Breath Sensors for Diagnostic Application

2.1 Halitosis

Halitosis, commonly called bad breath or oral malodor, is a symptom where a
markedly unpleasant odor presents in the exhaled breath. It is a very offensive
symptom that has adverse social and quality of life implications. Halitosis can be
categorized into two types, i.e., intra-oral halitosis and extra-oral halitosis [19].
Intra-oral halitosis originating from the mouth is mainly caused by gum disease,
dental caries, bacterial imbalance on the tongue, impacted wisdom teeth, and
dehydration. In the case of extra-oral halitosis, it can occur by digestive tract
conditions such as gastroesophageal reflux disease (GERD), stomach and duodenal
ulcers, and disorders in organs such as the liver and kidneys [20]. Intra-oral halitosis
patients account for 90 % of the total halitosis patients, whereas the remaining 10 %
are extra-oral halitosis patients [19]. Among the two types of halitosis, extra-oral
halitosis is particularly important for diagnosis and cure, considering that it is
related to organ malfunctions. To provide adequate medical treatment, it is
important to identify the cause of the malodor. Basically, a malodor is composed of
volatile sulfur compounds (VSCs) such as hydrogen sulfide (H,S), methyl mer-
captan (CH3SH), and dimethyl sulfide (CH3SCH3), whose concentrations exceed
1 ppm for halitosis patients, whereas their concentrations are less than 150 ppb for
healthy people [21]. H,S and CH;SH are the dominant species accounting for 90 %
of the total VSCs in the breath to determine the degree of halitosis [22]. In the case
of intra-oral halitosis, the basic mechanism of VSC generation in exhaled breath of
halitosis patients is based on the breakdown of proteins, i.e., cysteine, methionine,
tryptophan, and lysine, [23] into individual amino acids, followed by further
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breakdown of certain amino acids to produce H,S and CH3SH. In addition, tongue
bacteria located on the coating tongue, microbial putrefaction of food debris, cells,
and saliva also produce VSCs [24]. On the other hand, extra-oral halitosis can occur
by metabolic disorders. Specifically, odiferous agents such as VSCs circulating in
the bloodstream can be exhaled, through alveolar gas exchange, into the breath and
cause malodor [23].

To diagnose and treat the halitosis, various methods of detecting malodor have
been proposed, including an organoleptic test, [22] and a benzoyl-DL-arginine-
naphthylamide (BANA) test, [25] based on measurement of salivary levels of an
enzyme indicating the presence of certain halitosis-related bacteria. Among the
current diagnostic methods, it is a notable advantage that halitosis can be easily
identified by analyzing the VSCs concentration in exhaled breath. For this reason,
exhaled breath analysis for diagnosis of halitosis has been intensively studied using
GC-MS, which shows highly sensitive detection capability at ppb levels [26]. As
clinical diagnostic techniques, exhaled breath analysis is typically accomplished
using a breath analyzer such as Halimeter™ (Interscane Co., USA), [27]
Breathtron™ (New Cosmos Electric Co., Ltd, Japan), [28] and OralChroma™
(Abilit Co., Japan), [29] which are specialized for the detection of VSCs. Table 2
summarizes the three types of breath analyzers for diagnosis of halitosis by
detection of VSCs. As shown in Table 2, Halimeter®, which is operated by an
electrochemical voltammetric technique, shows a detection limit of 5 ppb with
relatively short measurement time (approximately 1 s). In the case of Breathtron™™,
a metal oxide-type sensor capable of detection as low as 10 ppb and rapid sensing
of 45 s is utilized. In addition, GC type of OralChroma™ showed very sensitive
detection of 1 ppb, but relatively long measurement time (~480 s).

Tsai et al. performed in-depth studies of intra-oral halitosis for the detection of
VSCs in exhaled breath. The experiment was performed with GC-type
OralChroma™ and an organoleptic test for analysis of the correlation between
concentrations of VSCs and oral hygiene status [22]. The experiment on each
patient (42 men, 30 women, 19-64 years, mean age 46.83 + 10.18 years) was
carried out with four continuous steps, i.e., baseline step (before removing tongue
coating), tongue scraping step (after removing tongue coating), nonsurgical peri-
odontal therapy step, and oral hygiene instruction/chlorhexidiene-2 or
chlorhexdiene-4 step. Figure la shows the trend of the organoleptic test scores

Table 2 Three types of breath analyzers for halitosis diagnosis by detection of VSCs

Equipment Sensor principle | Detection | Testing Lag Dimensions/weight | Ref.
of operation limit (ppb) | ambient time (s)
(% RH)
Halimeter™ Electrochemical 5 95 <1 114 x 254 x [27]
voltammetric 267 mm/3.6 kg
Breathtron™ | Metal oxide 10 95 45 150 x 230 x [28]
sensor 150 mm/2 kg
OralChroma™ | Gas 1 80 480 280 x 130 x [29]
chromatographs 400 mm/5.5 kg
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(0, no odor; 1, noticeable odor; 2, clearly noticeable odor; 3, moderate odor; 4,
strong odor; 5, extremely foul odor) and tongue-coating scores at different exper-
iment stages. The results indicated that the degree of tongue coating has a strong
correlation with the organoleptic score exhibiting proportional relation (Fig. 1a). In
addition, the concentrations of H,S and CH;3SH significantly decrease gradually
after removing the tongue coating or undergoing oral treatment (Fig. 1b). This
means that, eventually, the periodontal treatment or removing tongue coating can
effectively prevent halitosis, identified both in the organoleptic test score and in the
objective measurement of VSCs.

Although the GC analyzing method is highly sensitive and selective for diag-
nosis of halitosis, it is expensive, involves a complex analysis, and is inconvenient
for portable use. In particular, the issue of portability is particularly important
considering that halitosis should be diagnosed in real-time for daily healthcare
purposes. For this reason, a portable diagnostic device with real-time monitoring as
well as outstanding VSC sensitivity should be developed. In this regard,
chemiresistive-type SMOs are promising sensing layers for diagnosis of halitosis
through portable and real-time diagnostic applications because of their facile
operating principle (resistivity change upon exposure of VSCs to the SMO’s sur-
face layers), simple device fabrication, and ready miniaturization [30]. Table 3
summarizes recent publications for halitosis diagnosis by detection of H,S using
SMO-based sensing layers. As shown in Table 3, most chemiresistive SMO sensors
exhibited faster responding time (1-300 s) in comparison with a GC-MS analyzer
(480 s) and highly sensitivity for H,S detection (approximately 1 ppb to 1 ppm).
Recently, nanostructured SMOs using various materials have been reported for
improving sensing performance such as sensitivity, selectivity, and response speed.
In addition, different types of catalysts, i.e., noble metallic catalysts such as Pt, [31]
and Au, [32] metal oxide catalysts such as CuO, [33] MoO3, [34] and IrO,, [35] and
graphene-based catalytic materials such as graphite, graphene oxide, and reduced
graphene oxide, are functionalized with SMOs for improved selectivity and sen-
sitivity toward H,S molecules. For example, Shin et al. [35] synthesized WO,
nanofibers functionalized by catalytic Pt nanoparticles and demonstrated their
superior H,S sensing characteristics, thereby illustrating their capability for appli-
cation in halitosis diagnosis.

Furthermore, exhaled breath sensors with hollow SMOs structures functional-
ized by uniformly distributed noble metallic nanoparticles exhibiting an average
size of 6.45 nm were proposed for the diagnosis of halitosis. Choi et al. [32]
presented a simple synthetic method for loading Au nanoparticles on the inner shell
of hollow SnO, hemispheres using a sacrificial template of Au decorated block
copolymer (Au-BCP) spheres. The block copolymer spheres were synthesized by
an oil-water emulsion of polystyrene-b-poly (4-vinylpyridine) (PS-b-P4VP) block
copolymers (Fig. 2a). Au precursors infiltrated the prepared block copolymer
spheres under an acidic condition to produce Au-BCP (Fig. 2b) [40, 41]. The SnO,
layer was then deposited on the Au-BCP spheres using RF magnetron sputtering.
The deposition proceeded for 210 s to coat a SnO, film on Au-BCP spheres with
20 nm-thick shells. After coating the SnO, layer on Au-BCP spheres, the samples
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Fig. 1 a Changes on the
organoleptic and
tongue-coating scores. Data
are expressed as the

mean + standard deviation
from 25 subjects. Both scores
were decreased by different
treatments and were
stage-dependent. b The VSCs
concentrations of subjects at
different experimental stages.
Data are expressed as the
mean + standard deviation
from 25 subjects. The
concentrations of sulfur
compounds were changed by
different treatments and were
dependent on the treatment
stages. Reprinted with
permission from Ref. [22].
Copyright (2008), Wiley
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were heat-treated at 500 °C for 1 h to decompose the BCP spheres and crystallize
the SnO, layer simultaneously with transfer of the Au nanoparticles onto the SnO,
layer (Fig. 2c, d). SEM and TEM images of the Au-SnO, hollow sphere composite
showed Au catalyst loading on the inner shell of the hollow SnO, spheres (white
arrows) (Fig. 2e, g). To investigate the sensing characteristics of the Au-SnO,
hollow spheres as well as pristine SnO, hollow spheres for exhaled breath sensing,
they were tested at 400 °C in various gas analytes in a concentration range of 1—
5 ppm at 90 % RH humidity. The result revealed improved H,S sensing charac-
teristics of Au-SnO, hollow spheres (R,i/Rgas = 17.4 at 5 ppm), with an almost
threefold higher H,S response relative to that (R, /Rg.s = 5.1 at 5 ppm) of the
pristine SnO; hollow spheres. In particular, the Au-SnO, hollow spheres indicated a
superior response toward 1 ppm of HS (Rui/Rgas = 7.3 at 1 ppm) in comparison
with pristine SnO, hollow spheres (R,i/Rgos = 1.3 at 1 ppm) (Fig. 2h). In addition,
selective detection capability was evaluated, revealing that a superior H,S sensitive
property was achieved using the Au-SnO, hollow spheres with minor responses
(Rair/Rgas < 2.5 at 5 ppm) toward interfering gases such as CsH;,, NO, NH3, CO,
C;Hg, C,HsOH, and C3;HO (Fig. 2i). Au-SnO, hollow spheres could detect
100 ppb of H,S with a high response (R;./R,i; = 5.7).

Stability is one of the most important parameters for reliable analysis of VSCs in
exhaled breath using SMO-based sensors. Lee et al. [42] investigated long-term
stability using ZnO, SnO,, and WOj3; by cyclic exposure to hydrogen sulfide at
300 °C in highly humid ambient (80 % RH). It was concluded that ZnO and SnO,
may not be suitable for exhaled breathe sensors due to sulfur contamination during
hydrogen sulfide exposure, which results in unstable recovery. On the other hand,
stable and reliable sensing characteristics were observed with WO;, exhibiting a
consistent response and recovery during cyclic exposure of hydrogen sulfide. This
is attributed to the slight contamination of WOj3 to sulfur.

Thus far, a number of promising candidates have been proposed for real-time
diagnosis of breath halitosis using diverse nanostructured catalyst-SMO compos-
ites. Several issues such as stability, selectivity, and reliability to detect VSCs must
be addressed for commercialization as portable halitosis diagnostic devices.

2.2 Diabetes

Diabetes mellitus (DM) is a disease containing complex metabolic disorders caused
by elevated blood glucose level, which can result in serious medical complications
such as kidney failure, heart disease, blindness, limb amputation, and premature
death [43]. There are two types of DM, i.e., type 1 diabetes mellitus (T1DM) for
insulin-dependent and type 2 diabetes mellitus (T2DM) for non-insulin-dependent.
T1DM is usually caused by an auto-immune reaction in which the body’s defense
system attacks the S cells that produce insulin. In the case of T2DM, insulin
resistance and relative insulin deficiency are the major reasons for the disease.
T1DM patients account for 15 % of the total DM patients, whereas the remaining
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Fig. 2 a The chemical structure of the polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) block
copolymer, b Au decorated block copolymer with magnified schematic image (red dotted box),
¢ thin SnO, film coated Au-decorated block copolymer sphere, and d Au-decorated SnO,
(Au-SnO,) hollow sphere after calcination at 500 °C for 1 h. e SEM image of the Au-SnO,
spheres, f TEM image of the Au-SnO, hollow spheres, g high-resolution TEM (HRTEM) image of
Au-SnO, hollow spheres, h H,S gas sensing characteristics of Au-SnO, hollow spheres and
pristine SnO, hollow spheres under 90 % RH ambient at 400 °C, i selective sensing characteristics
of Au-SnO, hollow spheres toward H,S in comparison with the interfering gases. Reprinted with
permission from Ref. [32]. Copyright (2014), The Royal Society of Chemistry
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85 % are T2DM patients. Recently, the International Diabetes Federation
(IDF) reported that diabetes will be the 7th leading cause of death in 2030 and that
the number of diabetes patients will remarkably increase by more than 50 %
worldwide by 2030 compared to the number in 2011.

Typically, blood glucose levels are measured by pricking a finger for a drop of
blood. This is not only a burden for DM patients but also can cause infection
considering multiple daily checking for glucose monitoring. Considering the cur-
rent diagnostic methods, it is a major advantage that diabetes can be simply
identified by analyzing the concentration levels of biomarker (acetone) gases in
exhaled breath, and glucose monitoring can be carried out in the same manner. For
this reason, exhaled breath analysis for the diagnosis of diabetes and identifying the
correlation between blood glucose levels and biomarker concentration have been
intensively studied [44]. Generally, GC-MS are widely used for precise detect
biomarker concentration in exhaled breath as well as in human plasma [45, 46].

Breath acetone has a strong correlation with T1DM, where elevated mean
acetone concentration was observed in exhaled breath. Furthermore, other bio-
markers for TIDM such as ethanol, methyl nitrate, xylene, and ethylbenzene have
been identified [47, 48]. The basic mechanism of acetone generation in exhaled
breath of diabetes patients is decarboxylation of acetoacetate, which derives from
lipolysis or lipid peroxidation. The acetoacetate produces B-hydroxybutyrate, which
can be used as an energy source in the body, and acetone, which can be exhaled
from the lungs [49]. In previous studies, it was demonstrated that acetone con-
centration over 1.8 ppm was observed in diabetes patients; this is a 2—6 times higher
concentration compared to that (300-900 ppb) of healthy subjects [50, 51].
However, such a strong correlation of exhaled acetone concentration with T2DM is
still debated [44]. Recently, Yan et al. [52] successfully discriminated between
T2DM patients (n = 48) and healthy people (n = 39), using GC-MS and identified
additional biomarker gases, i.e., isopropanol and 2,3,4-trimethylhexane, for T2DM
diagnosis. Greiter et al. [53] also demonstrated the possibility of discrimination
between T2DM patients (n = 21) and healthy people (n = 26) by analyzing exhaled
VOC profiles, using PTR-MS, where a distinct increase of acetone concentration
was seen in T2DM patients.

Although the diagnosis of DM by exhaled breath analysis is promising, daily
monitoring of blood glucose levels remains challenging. Recent studies demon-
strated a high correlation between exhaled breath biomarkers and blood glucose
level [43, 47, 54-57]. Lee et al. [47] investigated plasma glucose levels with 10
healthy young adults (5 men/5 women, mean 26 + 4 year, range 21-33), using
exhaled breath components such as acetone, ethanol, methyl nitrate, ethylbenzene,
and xylene following the infusion of an intravenous glucose bolus. The experiment
started with infusion of glucose and the transition of plasma glucose was monitored
for 2 h. The plasma glucose level was elevated to 275.0 + 9.8 mg/dl (range 231-
317 mg/dl) after 2.5 min of glucose infusion and gradually lowered to
84.5 £ 1.8 mg/dl (range 74-94 mg/dl), which was slightly lower than that of the
initial (fasting) plasma glucose, 94.5 + 2.4 mg/dl (range 82—109 mg/dl). To estimate
the plasma glucose level, four- (R4), five- (RS), and six-gas models (R6) were
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established using exhaled acetone, ethanol, methyl nitrate, ethylbenzene,
m/p-xylene, and o-xylene. The analyzed gas profiles exhibited strong correlations
with the correlation coefficients (R4, R5, and R6) of 0.946 (range 0.701-0.993),
0.931 (range 0.699-0.991), and 0.913 (range 0.698-0.977). Figure 3a shows the
plasma glucose profiles measured and estimated via exhaled breath components in
the whole group of 10 subjects, which exhibited a strong correlation between
plasma glucose and exhaled breath components. Turner et al. [43] performed an
exhaled acetone analysis with respect to an insulin clamp with eight subjects of
T1DM (mean 28 + 3 years). The study was performed by the insulin clamp tech-
nique, i.e., a hypoglycemic clamp, in which the blood glucose level is stabilized
during stepwise lowering from 5 to 2.4 mM for 40 min and subsequently exhaled
breath was collected in each step. The insulin clamp technique presents two major
advantages: accurate control over the blood glucose level of subjects with gradual
change and acquisition of reliable exhaled acetone concentrations independent of
variations of insulin in plasma. The collected exhaled breath was injected to
SIFT-MS for a quantitative and real-time analysis of acetone and compared with the
glucose level. The results revealed that there was a linear correlation between
plasma glucose and exhaled breath acetone with all 8 subjects, where the exhaled
breath acetone increased with the blood glucose (Fig. 3b). The opposite trend of the
exhaled breath acetone concentration with respect to blood glucose level compared
to results reported by several studies [55, 56, 58] is due to a number of conflicting
metabolic signals of the body, which are attributed to the experimental procedure
under hyperinsulinemic hypoglycemic conditions.

For commercial use as a portable diagnostic device with real-time monitoring, a
highly sensitive diagnostic system that can be miniaturized and is based on simple
measurement should be developed. Recently, chemiresistive-type SMOs have been
garnering a great deal of attention for exhaled sensing layers in portable and
real-time diabetes diagnostic applications. Table 4 lists recent publications on
diabetes diagnosis by detection of acetone using SMO-based resistive-type sensing
layers. Nanostructured SMOs using diverse materials have been intensively studied
for highly sensitive detection of specific gas molecules [59-63]. In addition, noble
metallic catalysts such as Pt, [35, 38] Pd, [64] and Au [65] as well as
graphene-based catalytic materials such as graphite (GR), graphene oxide (GO),
and reduced graphene oxide (RGO) have been integrated with nanostructured
SMOs for selective acetone detection [36, 37, 66].

Righettoni et al. [55, 67-70] performed in-depth studies on the detection of
acetone in exhaled breath using Si-doped WOj; nanoparticles for the diagnosis of
physical conditions including diabetes. Si-doped WO5 nanoparticles as well as pure
WO3 nanoparticles were prepared by a flame spray pyrolysis on an Al,O5 substrate
followed by in situ annealing for mechanical stabilization. Figure 4a, b show SEM
and TEM images of the obtained pure WOj3 nanoparticles having average grain size
of 13 nm. On the other hand, Si-doped WOj3; nanoparticles exhibited slightly
decreased grain size of 10-12 nm, which was attributed to the formation of
amorphous SiO, domains inhibiting the growth of WO; grain boundaries (Fig. 4c).
The effects of sensing characteristics of Si-doped WOj3 nanoparticles depending on



Exhaled Breath Sensors 31

(@) 3007 Measured
Glucose
1B -1 -4gas model  R4=0.909
P --0--- 5 gas model R5=0.926
5';_ 200 1 —-X---6gasmodel  R6=0.946
o] L
E
4] -
7]
o]
O
=
O 100 {
0 2.5 !;0 7'5 160 1I25
Time (min)
(b)
23000
y =27709x% + 47835
- 20000 - R* = 0.9398
L=
o 17000 -
S
@ 14000 -
[4]
@
% 110001 &
Q
5 8000
5000 T T T
2 3 4 5 6

blood glucose (mmol/L)

Fig. 3 a Plasma glucose profile directly measured from plasma serum and estimated via exhaled
breath components such as acetone, ethanol, methyl nitrate, ethylbenzene, m/p-xylene, and
o-xylene in the group of 10 subjects. R4, RS, and R6 are Pearson’s correlation coefficients
obtained by 4-, 5-, and 6-gas models, respectively. Reprinted with permission from Ref. [47].
Copyright (2009), The American Physiological Society. b Correlation between blood glucose and
breath acetone concentrations of a TIDM subject having the strongest correlation. Reprinted with
permission from Ref. [43]. Copyright (2009), IOP Publishing Ltd.

the Si-doping content under different humidity levels were investigated with respect
to 600 ppb acetone at 400 °C (Fig. 4d). The results revealed that 10 mol% Si-doped
WO; nanoparticles exhibited optimal acetone sensing characteristics with the
highest acetone response (R,i/Rqs — 1) being 4.6 in dry air ambient. In addition,
potential application for diagnosis of diabetes using 10 mol% Si-doped WO;
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Fig. 4 a SEM image of pure WO; nanoparticles after in situ annealing. Reprinted with permission
from Ref. [67]. Copyright (2011), IOP Publishing Ltd. TEM image of b pure WO3 nanoparticles
and ¢ 20 mol% Si-doped WO; nanoparticles after annealing at 600 °C for 5 h in air. Reprinted with
permission from Ref. [69]. Copyright (2010), American Chemical Society. d Acetone response
characteristics of WOj3-based sensor with respect to the Si doping content and different relative
humidity levels toward 600 ppb acetone at 400 °C. e Acetone response characteristics of 10 mol%
Si-doped WO; nanoparticles in a concentration range of 0-3 ppm with 90 % RH at 400 °C.
Reprinted with permission from Ref. [68]. Copyright (2010), American Chemical Society.
f Exhaled acetone concentration measured by Si-doped WOj3 sensor (thick solid line) and acetone
(thin solid line) and isoprene (dotted line) concentrations measured by PTR-MS during physical
activity. Reprinted with permission from Ref. [70]. Copyright (2012), Elservier. g Comparison of
exhaled breath acetone after overnight fasting and after lunch measured by Si-doped WOj3 sensor
and PTR-TOF-MS. Reprinted with permission from Ref. [55]. Copyright (2013), IOP Publishing
Ltd.
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nanoparticles was demonstrated by measuring the acetone response in a concen-
tration range of 0-3 ppm at 90 % RH. The results revealed a 40 % difference in
sensor response between the concentration range of healthy people (<0.9 ppm) and
the concentration range of diabetes patients (>1.8 ppm).

Real-time breath acetone monitoring as well as correlations between blood
glucose and breath components were demonstrated using a portable Si-doped WO;
sensor. The exhaled acetone concentration was evaluated by 10 mol% Si-doped
WOj3; nanoparticles and compared with the acetone concentration measured by
highly precise PTR-MS. As shown in Fig. 4f, 10 mol% Si-doped WO; nanopar-
ticles exhibited reliable response characteristics with the calibrated acetone con-
centration of 970 ppb, which was in good agreement with the acetone concentration
(980 ppb) measured by PTR-MS. In addition, 10 mol% Si-doped WO3 nanopar-
ticles showed a stable acetone sensing property regardless of physical activity, with
the isoprene concentration showing a slight increase (100-240 ppb) [74]. Moreover,
a correlation between blood glucose and exhaled acetone was demonstrated by
measuring acetone concentration in the morning (overnight fasting) and afternoon
(after lunch), using 10 mol% Si-doped WOj5 nanoparticles as well as proton transfer
reaction time-of-flight mass spectrometry (PTR-TOF-MS). The breath acetone
concentration decreased from 1600 to 1400 ppb after lunch (Fig. 4g), thus showing
strong potential for application in real-time blood glucose monitoring by exhaled
acetone analysis.

Recently, SMOs functionalized with graphene-based materials were proposed as
an emerging exhaled breath sensing layers. Choi et al. proposed one dimensional
(1D) structures of SMOs functionalized with graphene-based materials such as
graphite (GR) and reduced graphene oxide (RGO) for application in potential
diabetes diagnosis by detection of acetone (Fig. 5) [36, 37]. For example, 1D SnO,
nanofibers were prepared by electrospinning and mixed with GO followed by a
thermal reduction process at 500 °C in forming gas (20 % H,/N,) ambient to form
RGO [36]. SEM and TEM images of an RGO-SnO, nanofiber composite showed
flexible RGO nanosheets (white arrows) containing multiple SnO, nanofibers
(Fig. 5a, b). Acetonesensing characteristics were investigated using pristine SnO,
nanofibers as well as RGO-SnO, nanofiber composites having different RGO
content (0.01 and 5 wt%) (Fig. 5c). Improved acetonesensing characteristics were
revealed with observation of a 2.4-fold increased response (Ri/Rg,s = 10.4 at
5 ppm) with 5 wt% RGO-loaded SnO, nanofibers compared to that (Ryi/Rg,s = 4.4
at 5 ppm) of pristine SnO, nanofibers at 350 °C. In addition, a highly porous 1D
WOj; hemitube structure was proposed and integrated into GR and GO for acetone
sensing layers [37]. WO; hemitubes were synthesized by an electrospinning-
assisted templating route [75] accompanied by physical vapor deposition, i.e., RF
sputtering of a WO; thin layer on as-spun polymeric fibers. For a further increase of
surface area, oxygen plasma treatment was performed to induce a rugged surface
morphology of WO; hemitubes. GR and GO were then homogeneously mixed with
WOj3; hemitubes to form GR- and GO-WO5; hemitube composites. Folded and
stacked graphene layers (white arrows) were observed in the GR-WOQO; hemitube
composites (Fig. 5d). On the other hand, due to the flexible characteristic of GO
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Fig. 5 a SEM and b TEM images of RGO-SnO, nanofiber composite. ¢ Dynamic response
transition of pristine SnO, nanofibers and RGO-SnO, nanofiber composite sensors in the acetone
concentration range of 1-5 ppm at 350 °C. Reprinted with permission from Ref. [36]. Copyright
(2014), American Chemical Society. SEM images of d GR and e GO-WO; hemitube composites,
f dynamic response transition of pristine WO5; hemitubes, GR-, and GO-WO; hemitube composite
sensors in the acetone concentration range of 1-5 ppm at 300 °C. Reprinted with permission from
Ref. [37]. Copyright (2014), American Chemical Society

(white arrows), it covered several WO; hemitubes (Fig. 5e). Acetone sensing
characteristics of GR- and GO-WOj; hemitube composites were evaluated in a
concentration range of 1-5 ppm at 300 °C in highly humid atmosphere (85-95 %
RH). The results revealed improved acetone sensing characteristics of 0.1 wt%
GR-loaded WO3 hemitubes (R,i/Rq.s = 6.96 at 5 ppm) and 0.1 wt% GO-loaded
WO; hemitubes (R,/Rgas = 3.25 at 5 ppm) constituting 6.45-fold and threefold
higher responses compared to that (R,/Rg. = 1.08 at 5 ppm) of pristine WO3
hemitubes. Single phases of GR and GO showed minor responses to acetone, which
demonstrated that GR and GO act as catalysts when functionalized with WO;3
hemitubes. The improved acetone sensing characteristics of 1D SMOs functional-
ized with graphene-based materials were attributed to effective electronic sensiti-
zation of the graphene-based materials by forming Schottky barriers at the junction
between SMO and the graphene-based materials, thereby modulating space charged
layers when acetone was exposed. In addition to the enhanced response values, fast
response (<15 s), a low limit of detection down to 100 ppb, and acetone selective
sensing properties were demonstrated as well using 1D SMO nanostructures
functionalized with graphene-based material composites, which showed high
potential for real-time and portable devices for diagnosis of diabetes.



36 I.-D. Kim et al.

There will be many more opportunities to develop acetone sensitive and selec-
tive sensing layers by combining of SMOs functionalized with different catalysts
for noninvasive diagnosis of diabetes as well as blood glucose monitoring by breath
analysis.

2.3 Fat Burning

The amount of fat burning can be identified by analyzing exhaled breath [76]. It was
reported that an increase in the concentration of exhaled acetone was found in those
who control their diet to burn fat cells [74]. The increased acetone concentration is
mainly due to the condition of ketosis, which results from burning fat cells to obtain
energy for the body when the body does not have enough energy from carbohy-
drates. Based on this metabolism, it is possible to determine the daily diet condi-
tions by the amount of fat burning. A fat burning indicator is particularly important
considering the possible diagnosis of physical conditions. Fat burning is closely
related to causes of fatigue, headaches, and nausea, which are caused by excessive
fat burning.

A number of studies have demonstrated a correlation between fat burning and
breath acetone concentration. Samudrala et al. [77] reported that monitoring of
hepatic ketogenesis during walking can be achieved by measuring breath acetone
concentration. The experiment proceeded with 23 nondiabetic subjects as well as 11
TIDM and 17 T2DM patients, analyzing breath acetone concentration using
proton-transfer-reaction ion trap mass spectrometry (PIT-MS) before and after a
30-50 km walk on 4 consecutive days. Blood samples of each subject were col-
lected to identify the correlation between breath acetone and hepatic ketogenesis.
Distinctive changes were observed in breath acetone concentration before and after
the walk measured over 4 consecutive days (Fig. 6a). Increased breath acetone
concentration was observed in all subjects after the walk. In addition, repeated
rising in breath acetone concentration in each consecutive day was presented, which
implies that there was no significant effect of time. Breath acetone levels were
compared with the groups of nondiabetic subjects (CT), TIDM, and T2DM before
and after the walk on day 1 (Fig. 6b). Interestingly, significantly increased breath
acetone concentration was observed with TIDM as well as moderate increase in CT
subjects. However, a minor difference in breath acetone levels was observed before
and after the walk with T2DM, suggesting lesser stimulation of ketogenesis in
T2DM patients. The results revealed that breath acetone can provide real-time
information of fat burning for daily lifestyle monitoring.

Recently, a portable breath acetone analyzer was developed for the daily mon-
itoring of fat burning [78, 79]. The portable breath acetone analyzer developed by
Toyooka et al. [78] was composed of two types of SMO-based sensors, i.e.,
Pt-doped WO; (tungsten oxide) and SnO, (tine oxide) (Fig. 6¢). The sensing
performance of the two sensors was evaluated by resistivity changes when the
sensors were exposed to analytes at 400 °C. Pt-doped WOj3; was sensitive to acetone
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Fig. 6 a Monitoring of breath acetone concentration before and after the walk over 4 consecutive
days with all subjects, b breath acetone concentration before and after the walk on the first day
with each group of nondiabetic subjects (CT), TIDM, and T2DM. Reprinted with permission from
Ref. [77]. Copyright (2014), Wiley. ¢ Photograph of the portable breath acetone analyzer with the
inside components, d average body fat loss (upper) and average breath acetone concentration
(lower) of each group during 14 days. Reprinted with permission from Ref. [78]. Copyright
(2013), IOP Publishing Ltd.

gas while SnO, was sensitive to a broad range of interfering gases such as
hydrogen, ethylene, ethanol, and butylacetate, thereby accurately estimating ace-
tone concentration with the effects of interfering gases. To investigate the breath
acetone concentration depending on the physical conditions, all 17 subjects (11 men
and 6 women) were divided into three groups, i.e., without controlled caloric intake
or light exercise for group A, with light exercise such as jogging or fast walking for
30-60 min per day throughout the experiments for group B, and with controlled
caloric intakes and light exercise for group C. Loss of body fat was monitored
throughout the experiments from day 1 over 14 days and corresponding breath
acetone was measured everyday using a portable analyzer (Fig. 6d). It was found
that subjects in group A and group B exhibited no significant loss of fat and their
breath acetone concentration was remained constant during 14 days. On the other
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hand, the subjects who underwent enforced controlled caloric intake and light
exercise in group C exhibited significant fat loss and their breath acetone approx-
imately increased over 14 days. The results revealed that controlled caloric intake at
the same time with light exercise stimulates fat loss, generating increased breath
acetone concentration. In addition to breath acetone for the biomarker of fat
burning, several components were identified as fat burning indicators from exhaled
breath. King et al. [80] investigated exhaled VOCs under exercise conditions using
PTR-MS and GC-MS. Particularly increased isoprene and methyl acetate concen-
trations were observed in exhaled breath shortly after the onset of exercise (e.g.,
approximately 1 min of pedaling).

The analysis of breath acetone is expected to receive more attention for moni-
toring of physical conditions such as fat burning because acetone is a blood-borne
substance, which contains useful information of metabolism in the body. Several
types of breath acetone analyzers in the form of portable prototypes are being
developed for daily lifestyle monitoring, and present a promising outlook for
realizing a noninvasive and simple analysis method.

2.4 Lung Cancer

Lung cancer is the most common cancer worldwide and a fatal disease showing a
high mortality rate. It is important to diagnose lung cancer in the early stage because
it determines life expectancy. If lung cancer is diagnosed in stage I, the 5-year
survival rate is 58-73 %, but the rate drops dramatically to 3.5 % for those diag-
nosed in a later stage [81]. Conventionally, lung cancer was detected by computed
tomography (CT) or bronchoscopy in hospital. However, CT showed low sensi-
tivity and bronchoscopy is a costly and invasive diagnostic method, and accord-
ingly is not a suitable screening method for large populations. Such disadvantages
may result in late detection of lung cancer (only 15 % detection at a localized stage
[82]) and high mortality rates.

As an alternative lung cancer screening method, exhaled breath analysis has
been intensively researched for many years due to advantages such as noninva-
siveness and a simple diagnostic method [83, 84]. A number of studies revealed that
multiple VOCs are closely related to lung cancer, as summarized in Table 5. These
VOCs produced or metabolized endogenously can provide useful information for
lung cancer detection considering that the VOCs, which are exhaled from the lungs
after traveling through the bloodstream, reflect metabolic properties of the body’s
tissues [85].

A number of VOCs related to lung cancer were identified with GC-MS. Song
et al. [91] found the characteristic VOCs including 1-butanol and 3-hydroxy-
2-butanone from the exhaled breath of patients with non-small-cell lung cancer
(NSCLC) by examining 43 patients and comparing the results with 41 normal
controls. However, it was also found that there is no significant difference in VOC
levels with different stages of lung cancer patients [91]. In addition, Poli et al. [92]
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Table 5 Identified VOCs for lung cancer detection

Disease Identified VOCs for lung cancer detection Ref.

Lung cancer Butane; 3-methyl tridecane; 7-methyl tridecane; 4-methyl [86]
octane; 3-methyl hexane; heptane; 2-methyl hexane, pentane;
5-methyl decane

Lung cancer Adenocarcinoma-2,4,6-trimethyloctane; 2-methyldodecane; [87]
2-tridecanone; 2-pentadecanone; 8-methy lheptadecane;
2-heptadecanone; nonadecane; eicosane; squamous-methanoic
acid; 2-nonanone; 2-pentadecanone; nonadecane; eicosane;
SCC- 2-decanone; 2-hendecanone; 2-methylnaphthaline;
2-tridecanone; 2-pentadecanone; 2,6-dimethylnaphthaline;
1-heptadecanol; 2-heptadecanone; nonadecane; eicosane

Lung cancer Aldehydes-butanal; formaldehyde; acetaldehyde; pentanal; [88]
hexanal; octanal; nonanal

Lung cancer 1-methyl-4-(1-methylethyl)benzene; toluene; dodecane; [89]
3,3-dimethyl pentane; 2,3,4-trimethyl hexane; 1,10-
(1-butenylidene)bis benzene

Lung cancer isobutane; methanol; ethanol; acetone; pentane; isoprene; [90]
isopropanol; dimethylsulfide; carbon disulfide; benzene; toluene

Non-small cell 1-butanol and 3-hydroxy-2-butanone [91]
lung cancer

Lung cancer 2-methyl pentane; pentane; ethyl benzene; xylenes (total); [92]
trimethyl benzene; toluene; benzene; decane; octane; penta
methyl heptane

identified and quantified 13 VOCs, including 6 alkanes and 6 aromatic hydrocar-
bons (e.g., 2-methylpentane; pentane, ethylbenzene, trimethylbenzene, heptane, and
isoprene) using GC-MS for the early diagnosis of NSCLC. The experiment was
carried out with 36 NSCLC patients and control subjects of 35 smokers and 50
nonsmokers. The results revealed that exhaled breath of nonsmoking controls
exhibited higher levels of isoprene and heptane than that of NSCLC patients,
whereas lower levels of almost all substances out of 13 VOCs were observed with
nonsmoking controls compared to those of NSCLC patients and smoker controls.
The analysis demonstrated the potential use of GC-MS as a complementary test
together with conventional diagnostic methods for the early diagnosis of lung
cancer with high specificity of 93.6 %.

Recently, several types of simple, relatively inexpensive, and portable exhaled
breath analyzing devices such as ion mobility spectrometers, [93] a quartz micro-
balance, [94, 95] a colorimetric sensor array, [96-98] and electronic nose [90, 99]
have been developed and demonstrated the potential for diagnosis of lung cancer.
Among the various sensing techniques, chemiresistive-type sensors are receiving
much attention due to high portability and a simple operating principle. Peng et al.
[100] synthesized monolayer-capped Au nanoparticles as a VOCs sensing layer for
the diagnosis of lung cancer by comparing the exhaled breath between 56 healthy
subjects with nonsmokers and 40 patients with primary stage III and stage IV lung
cancer. Au nanoparticles, which have an average diameter of 5 nm, were
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synthesized to have 9 different organic functionalities (dodecanethiol, decanethiol,
1-butanethiol, 2-ethylhexanethiol, hexanethiol, tert-dodecanethiol, 4-methoxy-
toluenethiol, 2-mercaptobenzoxazole and 11-mercapto-1-undecanol) and sensor
arrays were composed using Au decorated with organic functionalities. The col-
lected exhaled breath from the healthy subjects and lung cancer patients was
injected into the sensor array for 5 min in vacuum ambient and the sensor signals
were collected. There were distinctive differences in response signals, AR/Ry,
(where Ry, is the baseline resistance of the sensor in the absence of an analyte and
AR is the baseline-corrected steady-state resistance change upon exposure of the
sensor to analyte) of 11-mercapto-1-undecanol-gold nanoparticles (red circles)
and decanethiol-gold nanoparticles (black squares) between the healthy subjects
(filled symbols) and the lung cancer patients (open symbols) showing a positive
response (Fig. 7a). In addition, the variation of the sensor response using
2-mercaptobenzoxazole-gold nanoparticles (red diamonds) and tert-dodecanethiol-
gold nanoparticles (black triangles) was observed, exhibiting negative response
characteristics toward exhaled breath from healthy subjects (filled symbols) and the
lung cancer patients (open symbols) (Fig. 7b). The results revealed that clear dis-
crimination between the health subject and the lung cancer subject was possible by
injecting exhaled breath to the sensors without a preconcentration or dehumidifi-
cation process. The measured data were analyzed by using a standard principle
component analysis (PCA), which is a statistical method to effectively reduce the
multidimensional data space to its main components for visualization of the differ-
entiation ability of the sensor array [101]. Figure 7c shows well-defined clusters for
healthy states and lung cancer states using real human breath as well as simulated
breath composed of artificial VOCs mixtures, [102] which demonstrated the capa-
bility of lung cancer diagnosis in a fast, reliable, and noninvasive manner. In addition,
Barash et al. [103] demonstrated a unique odor print of NSCLC with 18 molecularly
modified gold nanoparticles. The analysis was performed by measuring headspace
emitted from the lung cancer cells and control medium. Distinctive differences were
observed from the typical response curves of 2-mercaptobenzoxazole-gold nano-
particles (circles) and 2-mercaptobenzoxazole-gold nanoparticles with 1 % carbon
black (squares) toward the headspace of NOSCLC (filled symbols) and control
medium (empty symbols) exhibiting a positive response (Fig. 7d). In addition,
decanethiol-gold nanoparticles (rthombuses) exhibited a negative response transition
when exposed to the headspace of NOSCLC (filled symbols) and control medium
(empty symbols) (Fig. 7e). The higher responses of the sensors toward NSCLC
compared to that of the control medium was attributed to generation of the detected
VOCs from cancer cells [104]. On the other hand, it can be interpreted that in the case
of sensors exhibiting higher responses toward the control medium, the detected
VOC:s are consumed by the cancer cells [105]. All 18-sensor arrays were analyzed by
PCA, as shown in Fig. 7f. The PCA diagram shows well-defined clusters without
overlap for the NSCLC and the control patterns. These features imply that clear
discrimination is possible using Au nanoparticle-based sensors without a
time-consuming preconcentration step of the analyte.
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Fig. 7 a Typical response (AR/Ry,) characteristics of 11-mercapto-1-undecanol-gold nanoparticles
(red circles) and decanethiol-gold nanoparticles (black squares) toward exhaled breath of
healthy subject (filled symbols) and lung cancer patients (open symbols), b Typical response
(AR/Ry,) characteristics of 2-mercaptobenzoxazole-gold nanoparticles (red diamonds) and tert-
dodecanethiol-gold nanoparticles (black triangles) toward exhaled breath of healthy subject (filled
symbols) and lung cancer patients (open symbols), and ¢ PCA using real human breath and simulated
breath. Reprinted with permission from Ref. [100]. Copyright (2009), Nature Publishing
Group. d Typical response (AR/R,) characteristics of 2-mercaptobenzoxazole-gold nanoparticles
(circles), 2-mercaptobenzoxazole-gold nanoparticles with 1 % carbon black (squares), and
e decanethiol-gold nanoparticles (rhombuses) toward the headspace of NOSCLC (filled symbols)
and control medium (empty symbols), and £ PCA of the multidimensional AR/Ry, data set of NSCLC
and control medium. Reprinted with permission from Ref. [103]. Copyright (2009), Wiley
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Recently, SMO-based sensing layers were developed for the potential diagnosis
of lung cancer. Kim et al. [106] proposed a highly sensitive and selective exhaled
breath sensor using Pd-loaded WO; nanofiber for the detection of toluene gas in
exhaled breath. WO; nanofibers were prepared by electrospinning, which is a facile
and versatile route to obtain a nonwoven web structure. The nanofibers can facil-
itate effective gas diffusion and also offer enhanced surface reaction. Pd catalysts
were embedded within the WO; nanofibers, which was achieved by dissolving a Pd
precursor during the electrospinning process and subsequent heat treatment. In
addition, Pd nanoparticles (6—10 nm), synthesized by a polyol process, were dec-
orated on the surface of WOj; nanofibers. Thus, Pd catalysts were sensitized at both
the inside and outside of WOj; nanofibers. The structural and morphological
observations revealed a highly porous 1D structure of WO3 nanofibers as well as
functionalization of Pd nanoparticles (Fig. 8a). Toluene sensing characteristics were
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Fig. 8 a SEM image of Pd-NPs/Pd-embedded WOj3; nanofibers with TEM image in the inset, and
b dynamic response transition toward cyclic toluene exposure at 350 °C with linear response
approximation in the inset. Reprinted with permission from Ref. [106]. Copyright (2014),
Elservier. ¢ SEM image of thin-walled SnO, nanofibers. Inset image shows Pt functionalized
thin-walled SnO, nanofibers, and d dynamic response transition toward cyclic toluene exposure
with different Pt loading on the SnO, nanofibers at 300 °C. Reprinted with permission from Ref.
[72]. Copyright (2013), Wiley



Exhaled Breath Sensors 43

evaluated at 350 °C in a highly humid atmosphere (90 % RH) to demonstrate
potential application in lung cancer diagnosis. A fourfold improved toluene sensing
response (R, /Rqas = 5.5 at 1 ppm) was achieved using Pd nanoparticle/Pd-
embedded WO3 nanofibers compared to that (R,;/Rgas = 1.27 at 1 ppm) of pristine
WOj3; nanofibers without Pd functionalization (Fig. 8b). In addition, toluene
selective properties were achieved, exhibiting a minor response toward interfering
analytes such as acetone and hydrogen sulfide. The limit of the detection property
was investigated by linear approximation, which predicted a toluene response of
1.32 at 20 ppb (Fig. 8b inset).

Shin et al. [72] also demonstrated potential application of thin-walled SnO,
nanofibers functionalized with Pt nanoparticles for the diagnosis of lung cancer
based on the detection of toluene in exhaled breath. Thin-walled SnO, nanofibers
exhibited elongated pores with a broad size distribution along the fiber direction,
which can facilitate gas penetration of large size VOCs through the pores (Fig. 8c).
Highly porous thin-walled SnO, nanofibers were obtained by controlling the
electrospinning parameter, i.e., flow rate, to induce effective phase separation
between polymer domains (polyvinyl acetate matrix polymer) and Sn precursor (Sn
(IV) acetate) domains. In addition, Pt nanoparticles, which were synthesized by a
polyol process, were functionalized with the thin-walled SnO, nanofibers to opti-
mize the toluene sensing characteristics (Fig. 8c inset). The cyclic toluene response
characteristic was investigated in a concentration range of 120 ppb to 3 ppm at
300 °C (Fig. 8d). The results revealed that 10 % Pt functionalized thin-wall SnO,
nanofibers exhibited a dramatically improved toluene sensing response (Ryi/Rgas—
1 =0.9 at 3 ppm) compared to that (R,i/Rgas —1 < 0.1 at 3 ppm) of pristine SnO,
nanofibers. In addition, stable toluene response and recovery characteristics were
observed with 10 % Pt functionalized thin-wall SnO, nanofibers down to 120 ppb
with a response of 0.1.

Even though there have been several promising results for the potential diag-
nosis of lung cancer using chemiresistive-type sensors based on SMO sensing
layers, there are several issues to be addressed such as sensitivity, selectivity,
stability, and reliability in relation to VOCs. In addition, clinical studies with large
numbers of subjects should be accompanied for clinical application.

3 Summary and Future Perspective

Clinical demonstrations identifying correlations between concentrations of bio-
markers in exhaled breath and specific diseases have been introduced using several
types of breath analyzing techniques such as GC/MS, SIFT-MS, and PTR-MS as
well as chemiresistive-type gas sensors. Exhaled breath analysis is a very important
screening method because it is a noninvasive and simple diagnostic method.
Potential suitability in early diagnosis for TIDM has been suggested through the
monitoring of exhaled breath acetone concentration. In addition, promising results
for the diagnosis of T2DM were also reported. Even though significant efforts have
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been exerted to find a correlation between the blood glucose level and breath
acetone biomarkers, further in-depth clinical study should be performed on a large
population of subjects for daily blood glucose monitoring using exhaled breath
analysis.

In the case of lung cancer detection, highly precise breath analyzing techniques
should be developed for clinical application in conjunction with conventional
diagnostic approaches such as CT and bronchoscopy, thereby increasing screening
capability in the early stage and reducing the mortality rate. In addition to the
diagnostic application, portable or wearable daily healthcare devices using breath
analysis, which can monitor oral halitosis and fat burning, can be developed for
better quality of life.

Several emerging analysis methods and the development of accurate detection
techniques for biomarker components provide a bright perspective for diagnosis of
different diseases using exhaled breath analysis. In particular, electronic noses,
which are composed of cross-sensitive sensor arrays with pattern recognition
algorithms, present several advantages compared to other types of analyzing
equipment with respect to portability and cost effectiveness for hand-held breath
analysis devices.
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