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In this short review, we describe our recent approaches and strategies for the development
of quartz crystal microbalance (QCM)-based odor sensor systems for environmental and
human health monitoring. QCM electrodes, which were modified with sensitive nanometer-
thick coatings via layer-by-layer (LbL) deposition, were used to develop a system for measuring
significant environmental changes in indoor air. Identification of the origin of environmental
changes was possible via the differential signal analysis of obtained data. The sensors showed
different responses to humidity changes, hazardous gas (ammonia), or cigarette smoke
exposure. In addition, QCM sensors with porous films comprising silica nanoparticles and
poly(allylamine hydrochloride) (PAH) were fabricated via an electrostatic self-assembly
method and they exhibited considerable sensitivity to relative humidity (RH). The infusion of
poly(acrylic acid) (PAA) into the multilayer porous film enabled the construction of a highly
sensitive and selective QCM sensor device for the detection of gaseous ammonia. Two types
of QCM sensors, with and without PAA, enabled the simultaneous quantitative detection of
humidity and ammonia. Preliminary tests were conducted to detect low concentrations of
ammonia in human breath, which are of clinical relevance. The results obtained showed that
the sensor can detect ammonia in human breath at pathological levels (greater than 3 ppm).

1. Introduction

Odors are generally determined by the combination of volatile organic and inorganic
compounds that have a high vapor pressure even at ordinary room temperature, and are
identified and described by humans’ natural sense of smell. Various living organisms, from
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simple bacteria to complex mammals (including humans), respond to environmental odors;
these chemical signals play a major role in feeding, territorial recognition, sexual behavior,
and detection of potentially harmful events and materials such as fire, gas, and rancid food.!
Therefore, the description of odors is of great analytical importance in several fields of human
activity.

One of the recent trends in analytical sciences is the investigation of odors for medical
diagnostics.?) Odorants vary widely in structure and include many chemical classes; however,
humans have a limited capacity to identify individual odorants in mixtures.”) The development
of sophisticated laboratory systems and small sensor devices capable of being integrated with
personal and tablet computers and smartphones for odor analysis is underway to create novel
diagnostic systems. The search for a correlation between odor signals and health conditions is
expected to be the basis of future noninvasive disease diagnostics, self-assessment, or self-care
and monitoring.) A variety of odorous compounds are emitted from the human organism in
sweat, urine, and breath. The assessment of odors using olfaction has a long history and is still
used as a gold standard in some fields, such as in wine quality assessment. Olfaction, however,
most often provides only qualitative detection; thus, a strong need exists for the development of
objective instruments for the detection of compounds and concentrations that lie below the limit
of human perception.

The quartz crystal microbalance (QCM) is a widely used mass-sensitive transducer owing
to the simplicity of its operation. In most cases, the QCM oscillation frequency response to the
mass loaded on the active electrode surface follows the Sauerbrey Eq. (1),
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where fj is the resonance frequency of the unloaded QCM, 4 is the active area of the crystal,
and y, and p, are the quartz shear modulus (2.947 x 10" g-em "s72) and density (2.648 g-cm ),
respectively. QCM-based sensors have gained popularity in recent years and have been
67 including biotechnology,® drug and surfactant research,*'¥

(16-18) and as an element of electronic tongue or nose

used in a variety of fields,
biosensing,(”’ls) for gas sensing purposes,
devices.1%2?

Over the last several years, we have developed QCM-based gas sensors modified with
functional nanothin films deposited via layer-by-layer (LbL) deposition. In our initial approach
to gas sensing, TiO; ultrathin films that were alternately assembled with layers of poly(acrylic
acid) (PAA) by the surface sol-gel process were used for ammonia detection.!” We have
also reported the creation of reliable QCM humidity sensors modified with porphyrin-based
nanothin films,?"Y which could also be applied to daily needs, for instance, the monitoring of
indoor environmental quality.(zz) Recently, we have reported a respiration assessment system,
based on QCM electrodes, which possessed a surface modified with nanoassembled thin
films.?>?% We were able to obtain an online breathing record (respiratory pattern) owing to
the quick response of the QCM sensors to the fast changes in relative humidity (RH) in human
breath samples. These changes depend on alterations in human breathing styles, such as in
speed, intensity, and time of inhalation and exhalation.
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In this paper, we introduce our two case studies for the development of QCM-based odor
sensor systems for real environment measurements from several sources (humidity, ammonia
gas, or cigarette smoke)?? and for monitoring human breath,?> particularly breath ammonia.
The proposed system, with all the necessary built-in units, can be used to access mechanical
parameters and the chemical composition of environmental and human samples.

2. Real Environment Measurements

From the recent findings on indoor air quality (IAQ), it is evident that indoor air is often

more polluted than outdoor air.?®

This is mainly caused by insufficient ventilation, and
therefore polluted indoor air is often a great health hazard.?” The creation of sensors for IAQ
in buildings, which can monitor common parameters (such as temperature or humidity) and
additionally certain chemical factors, is an important task for sensor technology development.
Devices that can detect emergency conditions (e.g., fire occurrence and toxic chemical emission)
and automatic ventilation systems to maintain IAQ are of great importance. Since conventional
sensors that are currently used for chemical detection are usually highly influenced by humidity,
the testing process for new sensors should account for operation under environment conditions
that can often be harsh.?®

For the development of a gas sensor system for real environment measurements from
several sources (humidity, ammonia gas, or cigarette smoke), we examined the LbL deposition
of porphyrin/polymer thin films on the surface of 9 MHz QCM electrodes.*? RH was
selected because it is a highly important factor for human comfort and well-being inside

buildings,?"

ammonia was chosen to test the system as one of the most important analytes for
IAQ assessment,?” and cigarette smoke was chosen because it is the simplest environmental
factor that significantly influences IAQ. It is known that cigarette smoke can contain many
compounds; ammonia has one of the highest concentrations (~10 pg/cigarette, ug'cig_l).(30)
Figure 1 shows an example test confirming the reproducibility of QCM responses to both
100 ppm ammonia exposures and humidity changes. These results were obtained using QCM
electrodes with a 10-cycle LbL film that consists of a cationic polymer, poly(diallyldimethyl
ammonium chloride) (PDDA; M,, = 200000-350000 g'mol !, 20 wt% in H,0), and an anionic
porphyrin, tetrakis-(4-sulfophenyl)porphine or tetrakis-(4-sulfophenyl)porphine manganese(I1I)
chloride (TSPP or MnTSPP, respectively). To approximate environmental change, the raw
signals obtained from the measuring system were differentiated. The differential approach
makes “humidity-independent” ammonia events clearly distinguishable in the time-differential
signal owing to several features: the four small negative pulses in Fig. 1(c) are not associated
with any humidity change [Figs. 1(a) and 1(b)] and the response of the TSPP-modified electrode
is higher owing to the slightly higher binding capacity of ammonia to TSPP than to MnTSPP [Fig.
1(c)]. This difference between the two films may be explained by the formation of a J-aggregate
due to electrostatic interactions between the TSPP molecules that have protonated pyrrole rings
and the deprotonated sulfonates in a molecule,®" whereas MnTSPP is present in the monomeric
state. The J-aggregates of TSPP inside the film act as specific binding sites for ammonia.?
The average time-differential responses of the four pulses for the sudden appearance of 100
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Fig. 1. (Color online) Comparison of dynamic QCM responses for repeated exposure to humidified air and
ammonia in humidified air (ca. 68% RH). (a) Raw RH changes. (b) Time-differential humidity changes. (c)
Time-differential QCM signals for both QCM electrodes (light grey: PDDA/MnTSPP; black: PDDA/TSPP). The
magnified insets show a characteristic response to (i) ammonia addition at high RH (the first one among four small
negative peaks) and (ii) humidity increase from ca. 30 to 68% RH (the first one among five large negative peaks).
The high positive peaks are responses to flushing the system with dry air. (d) Molecular structures of PDDA and
porphyrins (TSPP and MnTSPP) used for film preparation.

ppm NHj3 gas in the atmosphere were estimated to be 11.5 + 2.5 and 6.7 + 1.3 Hz for the PDDA/
TSPP and PDDA/MnTSPP films, respectively; however, these values are quite small compared
with the responses to humidity. Nevertheless, the system recognizes when a gaseous influence
is present in a stable high-humidity environment, indicating a reproducible response to a sudden
increase in ammonia gas concentration in the environment.

Figure 2 shows a comparison of the raw signal AF(), the time-differentiated signal AF/AL(),
and the differentiated humidity change signal ARH/A(f), where AF/At(f) and ARH/At(f) describe
the speed of the frequency and RH changes, respectively. The importance of the differentiated
signal is that slow environmental changes are neglected, such as the baseline drift and slow
humidity change due to air conditioning. However, significant and fast environmental
alterations are clearly observed. As can be seen from Fig. 2, every odorous event that was
performed in the investigation room at a temperature between 20-25 °C and RH near 50% is
reflected on the time-differential plot, AF/At(f). From the time-differential QCM signals, we
can observe a clear difference between a fast humidity change (dashed line rectangles) and
sudden ammonia or cigarette smoke exposure (dotted line rectangles); however, the conventional
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Fig. 2. (Color online) Comparison of QCM sensor response during exposure to different environmental
gases showing differentiated signal. “Humidity-independent” odorous events are clearly distinguishable in the
differentiated signal. A noise increase is observed when cigarette smoking is initiated.

humidity logger did not show changes as much as those observed by the QCM sensor when
it was exposed to ammonia or cigarette smoke. The difference in the results is explained by
the fast response of the QCM sensor; this is the basis on which an alarm system or ventilation
switches can be created. Discrimination between different events, whether related or not to
the chemicals, is possible in big volume spaces (rooms) owing to the fact that in big rooms, the
RH does not change dramatically, and any changes are usually slow. These changes will cause
only insignificant changes (small peaks) in the differentiated signal, and thus they can be easily
filtered as false events. These results indicate that real environment monitoring devices can be
implemented using humidity sensors based on surface-modified QCM platforms.

3. Ammonia Detection in Human Breath

Ammonia, an important analyte widely employed in the chemical industry, is also a potential
disease biomarker. In the human body, ammonia mainly originates from protein metabolism,
where it is converted into urea and excreted in urine.®> However, it is also normally present in
low concentrations in blood, feces, exhaled breath, and skin emanations.®% Recently, numerous
investigations to assess the ammonia emitted in human breath and to determine its usefulness as

a disease biomarker for physical disorders such as renal insufficiency,*> hepatic dysfunction,*®

Helicobacter pylori infection,®”) or halitosis®® have been reported. Physiologically normal
levels of ammonia present in human breath lie below approximately 1 ppm; therefore, the

ammonia emitted by the human body cannot be detected using olfaction, except in cases of very
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severe disease conditions, where the ammonia concentration exceeds the human perception
limit of 55 ppm.®”

Numerous methods can be used for ammonia detection; however, bench-top systems are
often required for low-level detection. PAA is well known as a sensitive receptor for ammonia
detection.“? Tt is composed of repeating units of carboxyl groups [Fig. 3(a)], which determine
the chemical and electrochemical properties of the material. In the solid state, the acid
functional groups are capable of hydrogen bonding via the oxygen atom of the carbonyl moiety
[Fig. 3(b)], and specific interactions with bases are expected as a consequence of acid—base
reactions. Because of its chemical structure, the interaction of PAA with water vapor and basic
ammonia changes the chemical and electrochemical properties of the polymer. In combination
with appropriate transducers, these changes can be utilized in chemical sensors for humidity
and ammonia gas detection, thus extending the scope of PAA applications beyond established
industrial uses.“"

In general, the porosity of sensor films is one of the major parameters for high-sensitivity
sensor fabrication.®> Nanoparticles are good candidates for porous LbL film preparation. As
schematically shown in Fig. 3(c), after the first deposition of a cationic polymer, poly(allylamine
hydrochloride) (PAH; M,, = 58000 g-mol '), washing with water, and drying under N, gas,
the QCM electrode could be porously modified by immersing it into a solution of negatively
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Fig.3. (Color online) (a) Chemical structure of PAA and (b) PAA network and bonding possibilities. (c)
Schematic illustration of LbL film deposition using PAH and SiO; NPs.
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charged SiO, nanoparticles (SiO, NPs; particle size 40—50 nm). The procedure was repeated
until 5- and 10-cycle coatings (where one cycle is a SiO,/PAH bilayer) were prepared by the
alternate adsorption of PAH and SiO, NPs onto the QCM. Then, the fabricated films were
infused with PAA. After the infusion of PAA (0.1 wt%) into the SiO,/PAH alternate film, the
QCM electrode was rinsed with deionized water and dried using N, gas. The self-assembly and
infusion processes were monitored by measuring the QCM resonance frequency after every
deposition cycle or infusion process. Figure 3(c) shows a schematic illustration of the LbL film
deposition using PAH and SiO, NPs.

Figure 4 shows a QCM sensor system (NAPiCOS, Nihon Dempa Kogyo Co., Ltd.) used
for breath ammonia detection. Delivery of the sample and reference gases is achieved using a
Sibata® minipump connected to the QCM chamber outlet. Temperature and humidity inside
the chamber are recorded by additionally installed reference sensors, which are in a separate
chamber in proximity to the QCM array. In addition, the chamber is designed to control the
inside environment temperature in the range of 20 to 40 °C. The temperature and RH sensors
are the SII S-5814A (accuracy £2.5 °C, working range —30 to +100 °C) and TDK CHS-UPS
(accuracy +£3%, measurement range 5 to 95% RH), respectively. In addition, for cleaning
purposes, the sensor system was flushed by air that was cleaned and dried through activated
carbon and silica gel, respectively. Device operation was controlled by software (NAPiCOS
30A Real Time Monitor v.1.0).

Figure 5(a) compares frequency changes caused by the exposure of the QCM sensors with
a coating of (SiO»/PAH), or (SiO,/PAH),+PAA to water vapor and humidified ammonia gas
at 35 °C, where the ammonia gas was obtained from a solution of 200 ppm ammonia in water.
After the humidity reached a certain level, humidified ammonia was added and a significant
change in the PAA-modified QCM frequency was observed. As evident in the figure, the QCM
sensors exhibited good repeatability of the sensor response to the same sample, except for the
first run, which exhibited a slightly higher response. Such behavior of the sensors is probably
related to the fact that adsorption at a small number of the binding sites is irreversible by
simple air purging. However, all subsequent measurements are reversibly driven by the facile
attachment of ammonia to the COOH functional groups of PAA by acid—base interactions.

Control
valve

NAPiCOS LOGIC ~ —*

(@) (b

Fig. 4. (Color online) (a) Photograph of a prototype QCM sensor system and (b) arrangement of the elements
inside the QCM sensor system used for breath ammonia detection.
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Fig. 5. (Color online) (a) Frequency changes induced by sequential exposure of QCM sensors to water vapor and
200 ppm (sol) ammonia gas at 35 °C. (b) Detailed view of the area marked by the dashed rectangle in (a).

The absolute frequency change due to ammonia adsorption can be obtained by subtracting a
response to humidity from that to humidified ammonia. The (SiO2/PAH);p+PAA-modified
QCM sensor shows a response of 389.1 + 14.8 Hz to the 200 ppm (sol) ammonia gas at 35 °C.
Figure 5(b) shows a more detailed view of the frequency changes after the addition of ammonia
in the second run of Fig. 5(a). Interestingly, the reference electrodes show very small responses
to ammonia compared with those of the PA A-infused electrodes, which may have been caused
by the small humidity increase (ca. 1.3%) induced when the humidified ammonia sample was
introduced.

All electrodes exhibited very stable and predictable behavior in all the experiments. The
(Si0,/PAH),, films exhibited a drift of approximately 2 Hz when measured for approximately 2
h under normal room conditions (¢ = 25 °C, RH = 50%), whereas the PA A-infused electrodes
exhibited an even smaller drift (under 1 Hz). The limit of detection (LOD) was obtained from
the linearity of the experimental data in the concentration range of 1-30 ppm ammonia and the
data intercepted by the fitting line with a 3o level (1.5 Hz), where ¢ was selected to be 0.5 Hz as
a possible noise value. The LOD for ammonia in a humid atmosphere (at 35 °C) was estimated
to be 2 ppm (sol), corresponding to approximately 0.5 ppm gas.

To investigate the possibility of ammonia detection in real samples, we proposed a function,
FE = AFREF) where the working electrode (WE) and the reference electrode (REF) refer to
the (SiO2/PAH);p+PAA and (SiO,/PAH);o electrodes, respectively. When the (SiO»/PAH);
electrode was used as a reference for the RH correlation, good linearity was observed (> —
0.99), although a small degree of hysteresis was still observed. Figure 6 demonstrates how the
function AF"E = AAFREF) behaved during a 5-min test when 3 ppm ammonia was sampled.
Interestingly, when the samples with RH lower than the humidity level of the baseline were
used, both electrodes exhibited positive frequency shifts. Additionally, the correlation function
between the two electrodes, AF"E = AAFREE), deviated from the linearity that was obtained
from ammonia-free water vapor measurements and appeared below the original calibration
curve [Fig. 6(a)]. This result is attributed to the adsorption of ammonia onto the PA A-infused
film being faster than the desorption of water molecules. Thus, the frequency of the PAA-
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Fig. 6.  (Color online) Behaviors of function AF"E = AFREF) at RH (a) lower and (b) higher than the humidity
level of the baseline. The gray bars in both graphs indicate the values of AFe.

infused QCM sensor increased more slowly than that of the reference electrode. As previously
described, the influence of ammonia was clear in the case of the (SiO,/PAH);g+PAA film,
whereas no effect was observed for the film without PAA. As evident from four independent
measurement results shown in Fig. 6(a), even when each response differed (due to small
variations in RH), the difference between the AF" values for the ammonia-free samples and
the samples dosed with 3 ppm ammonia gas, which is defined as AF?", was almost the same
(approximately 6 Hz, represented as gray bars on the graph).

We added 7 uL of aqueous 0.1 wt% ammonia to a 3 L sampling bag filled with humidified
Ny gas to prepare a highly humidified sample containing 3 ppm gaseous ammonia. In the
case of samples dosed with 3 ppm ammonia gas with RH higher than the humidity level of the
baseline, departures from the linearity (as indicators of ammonia presence) were still observed
but in the opposite direction to the low-RH samples: both water and ammonia were adsorbed,
resulting in larger negative frequency shifts at high humidity levels [Fig. 6(b)], with similar
values of AF?". However, the repeatability of the response appeared to decrease according
to the increase in humidity. This diminished repeatability is attributable to the competitive
adsorption of ammonia and water molecules on a limited number of binding sites in the working
electrode; nevertheless, the presence of ammonia was clearly identified.

To determine the ammonia concentration in human breath, we first examined the reference
sample that consisted of well-humidified air and represented exhaled human breath with 0 ppm
ammonia; ideally, it should be 95% RH at room temperature. The first run with this highly
humidified air was used for the “calibration run”, which was subsequently used to build the
function AF"E = AAFREF) and predict the response of the PAA-infused (working) electrode
to humidity in ammonia-mixed samples (i.e., human breath, which comprises a mixture of
approximately 1 ppm ammonia and 95% RH). Finally, the obtained AF*" was treated as a
response to the ammonia gas present in human breath. Preliminary tests with 3 ppm doses of
ammonia in breath were conducted; the resulting data obtained from the (SiO2/PAH);p+PAA
working electrode are summarized in Fig. 7(a), where they are also compared with the data for
samples with the same ammonia concentration in different matrices.
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Fig. 7. (Color online) (a) Sensor responses obtained using a two-QCM electrode system for samples dosed with
3 ppm ammonia gas in different matrices (dry, ca. 50% RH, ca. 70% RH, and breath), where the RE and WE were
modified with (SiO2/PAH);¢ and (SiO2/PAH);p+PAA films, respectively.

Obviously, these results confirm that 3 ppm ammonia detection in the different matrices can
be realized. Both the initial investigations into diagnostic breath-ammonia monitoring and the
current status of technology indicate that breath analysis has great potential as a noninvasive
means of diagnosis.(z) As schematically shown in Fig. 7(b), ammonia is an important disease
biomarker associated with renal insufficiency and is emitted in human breath. The ideal breath
ammonia monitoring device, as described by Hibbard and Killard,*? would be one that is
specifically sensitive to ammonia gas and capable of detecting it at physiologically relevant
concentrations in the ppb range with: (1) good precision and accuracy, (2) insensitivity to
interferences, (3) portability for point-of-care use, (4) better ease-of-use for the user, (5) real-
time display of measurements, and (6) low cost.

As recently mentioned by Dai et al.,*® breath ammonia can also be a powerful biomarker of
acute hepatic injury as well as other human health disorders.®® Evidently, our current sensor
system that comprises only two QCM sensors provides a novel measurement protocol for
ammonia gas detection under real humidity conditions.

4. Conclusions

QCM-based environmental sensors are rare owing to their disadvantages. In particular,
the high sensitivity of QCM-based devices to humidity limits their practical application
as gas-sensing devices. To solve this problem, differentiation of QCM output signals was
demonstrated, which enabled us to distinguish environmental changes related to humidity,
smoke, or gas exposure. Systems based on surface-modified QCMs can thus be implemented
as alarms for volatile-organic-compound-related threats, or as triggers for automatic ventilation
in buildings with toxic compound saturation risks. Interestingly, a newly developed two-QCM
electrode sensor system that comprises only two QCM sensors provided a novel measurement
protocol for ammonia gas detection under real humidity conditions. This humidity influence
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extraction approach enabled ammonia detection in cases where parallel humidity changes

occurred. LODs approaching 2 ppm aqueous ammonia (equivalent to ca. 0.5 ppm gaseous)

were achieved, which allow breath ammonia at pathological levels (greater than 3 ppm) to be

measured. For future work, we expect that the current sensor system will be used for multi-

purpose assessments of human breath and respiratory patterns.
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