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ABSTRACT: Obesity is a global health threat on the rise, and
its prevalence continues to grow. Yet suitable biomedical
sensors to monitor body fat burn rates in situ, to guide physical
activity or dietary interventions toward efficient weight loss,
are missing. Here, we introduce a compact and inexpensive
breath acetone sensor based on Si-doped WOj; nanoparticles
that can accurately follow body fat burn rates in real time. We
tested this sensor on 20 volunteers during exercise and rest
and measured their individual breath acetone concentrations in
good agreement with benchtop proton transfer reaction time-
of-flight mass spectrometry (PTR-TOF-MS). During exercise,
this sensor reveals clearly the onset and progression of
increasing breath acetone levels that indicate intensified body
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fat metabolism, as validated by parallel venous blood f-hydroxybutyrate (BOHB) measurements. Most importantly, we found
that the body fat metabolism was especially pronounced for most volunteers during fasting for 3 h after exercise, with strong
variation between subjects, and this was displayed correctly by the sensor in real-time. As a result, this simple breath acetone
sensor enables easily applicable and hand-held body fat burn monitoring for personalized and immediate feedback on workout

effectiveness that can guide dieting as well.

Worldwide, 15% of women and 11% of men were obese
[body mass index (BMI) > 30 kg:m™2] in 2014," with
increasing numbers in most countries.” Unfortunately, conven-
tional technologies either fail to indicate body fat burn rates in
situ, to guide physical activity and dietary interventions, or are
too costly for widespread application (e.g., indirect calorim-
etry). Analyzing volatile organics in human breath opens
exciting new avenues for the next generation of health
monitoring devices.” In particular, measuring exhaled acetone,
a volatile byproduct of lipolysis,” with a portable device could
enable such personal body fat burn monitors.” With breath
analysis being noninvasive, user-friendly (similar to sweat
analysis),” and always accessible,” it might be ideal for easy and
routine application in gyms or at home.

Breath acetone had been measured already with gas
chromatographic® and mass spectrometric techniques,” '
chemical adsorption columns,® and electronic noses.'*
However, these are expensive with limited portability,” "> for
single use only with long response time (>5 min),"” or just
inaccurate,'* and thus are hardly suitable for routine measure-
ments with personal monitors. Modern chemoresistive gas
sensors are promising candidates for personal breath analyzers
due to their extremely compact design,” high gas sensitivity
when nanostructured,'®'” and current use in breath analysis
(e.g, hemodialysis monitoring).'® However, the challenge
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remains to design a sensing material selective for acetone for
reliable detection in the complex matrix of human breath (872
compounds identified previously)."”

Here, we report a portable breath acetone sensor based on
Si-doped e-WO; nanoparticles to monitor body fat burn rates
in real time during exercise and rest. This material was selected
for its hi§h thermal stability,”® superior sensitivity,”' and
selectivity”” to acetone at high relative humidity (e.g., 90%). We
evaluated this sensor in combination with a tailor-made sampler
for reproducible breath extraction on 20 volunteers and
measured their individual breath acetone profiles. These results
were closely compared to simultaneously measured breath
analysis by state-of-the-art proton transfer reaction time-of-
flight mass spectrometry (PTR-TOF-MS) to assess the sensor’s
accuracy and parallel venous blood f-hydroxybutyrate (BOHB)
to confirm the relationship to fat metabolism activity.

B EXPERIMENTAL SECTION

Acetone Sensor Fabrication and Film Character-
ization. The Si-doped (10 mol %) &-WO; nanoparticles
were prepared by flame spray pyrolysis (FSP) and directly
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Figure 1. Breath analyzer for noninvasive body fat burn monitoring. (a) Compact acetone sensor mounted on a Macor holder. (b) Scanning electron
microscopy exhibits the highly porous morphology of the sensing film (cross-section) (enlarged in panel c) formed by aggregated, acetone-selective
Si-doped WO; nanoparticles (NPs). (d) Breath analyzer combining the acetone sensor with a sampler to extract breath in a standardized fashion.
The sampler comprises a tube to capture and buffer end-tidal breath, a pressure sensor to monitor the relative airway pressure, and a CO, sensor.
Parallel PTR-TOF-MS analysis just before the acetone sensor is performed for cross-validation. (e) Breath analyzer in operation: the subject exhales
into the sampler tube and receives prompt visual feedback on airway pressure, duration, and acetone sensor analysis. (f) Sensor signals for relative
airway pressure (black line) and CO, (red line) for three 30 s exhalations (gray-shaded) of a subject. The target airway pressure of 980 Pa (dashed
line) is maintained well, corresponding to a flow of S0 mL-s™". (g) Acetone sensor responses (black line) and concentrations from PTR-TOF-MS
(blue line). Both provide comparable acetone measurement in real time. Note that sensor response is defined as Ry;/Rycqp, — 1, where R, is sensor
film resistance in surrounding air and Ry, is sensor film resistance when exposed to the breath sample.

deposited” onto AL O, substrates with interdigitated electro- bar pressure drop) by S L-min~" oxygen to a fine spray ignited
des.”® The FSP precursor solution consisted of ammonium by a ring-shaped flame of premixed methane/oxygen (1.25/3.2
metatungstate hydrate (Sigma—Aldrich, purity >97%) and L-min~") while additional sheath oxygen was supplied at S L-
hexamethyldisiloxane (Sigma—Aldrich, purity >98%) to obtain min~!, The AL, O substrates featured dimensions of 15 X 13 X
the nominal Si content. This was diluted by a 1:1 mixture of 0.8 mm and had a set of interdigitated electrodes (spacing 350
ethanol (Sigma—Aldrich, purity >99.8%) and diethylene glycol um) and a Pt resistance temperature detector (RTD) on the
monobutyl ether (Sigma—Aldrich, purity >98%) to achieve a front side. A Pt heater to control the temperature was placed on
final metal (W and Si) concentration of 0.2 M. This precursor the back. The morphology of the sensing films was
is fed at S mL-min~" through a FSP nozzle and dispersed (1.5 characterized by scanning electron microscopy (SEM) with a
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Hitachi FE-SEM 4000 operated at 5 kV. To investigate the
film’s cross-section, the sensors were split prior to the
measurement.

Breath Sampler Design. The sampler is illustrated in
Figure 1d. It comprised a disposable and sterile mouthpiece
(EnviTeC-Wismar) connected to an open-ended sampler tube,
with inner diameter 25 mm and length 375 mm, to sample and
buffer’* end-tidal breath. A flow restrictor (1.4 mm orifice) was
installed inside the sampler tube just behind the mouthpiece,
and the relative airway pressure (ppoun — psum,unding) was
measured with a differential pressure sensor (SDP series,
Sensirion) at the orifice. A transfer line (d, = 6 mm) was
connected to the sampler tube to extract breath sample for the
acetone sensor and PTR-TOF-MS. A CO, sensor (Capnostat
S, Respironics) was placed in the transfer line to monitor the
breath portions. All surfaces in contact with the breath were
either disposable (mouthpiece) or made of inert Teflon and
heated to 60 °C to avoid analyte adsorption and water
condensation to minimize cross-contamination.

Breath and Blood Analysis. Sampled breath was analyzed
in real time with the acetone sensor and PTR-TOF-MS
simultaneously. Therefore, the acetone sensor was mounted on
a Macor holder and installed in a Teflon chamber, both tailor-
made with a design described in detail elsewhere.”’ The
chamber was connected to the breath sampler via the transfer
line, as shown in Figure 1d. The sensor was fed with a constant
flow of 130 mL-min~" by a vane pump (SP 135 FZ, Schwarzer
Precision) connected to the sensor chamber’s exhaust. A direct
current (dc) source (R&S HMC8043) was applied to heat the
acetone sensor to its optimal temperature of 350 °C*' while
that was monitored continuously by the substrate’s RTD.
Sensing film (ohmic) resistances were measured and recorded
with a multimeter (Keithley 2700). The PTR-TOF-MS 1000
(Ionicon Analytik, Austria) was fed from the sensor transfer
line with sample extraction just before the acetone sensor
(Figure 1d). The ionization conditions were 600 V drift voltage,
60 °C drift temperature, and 2.3 mbar drift pressure. Acetone
(CAS 67-64-1) concentrations were determined in the H;O"
mode by measuring the counts per second at a mass-to-charge
ratio of 59.049*° and comparing them to calibration curves
determined routinely before the breath tests with a calibrated
acetone gas standard (10 ppm in synthetic air, Pan Gas 5.0).
Venous blood samples were analyzed for BOHB (CAS 300-8S-
6) concentration by the Institute of Clinical Chemistry,
University Hospital Zurich.

Study Design. A cohort of 20 volunteers (13 male and 7
female), age 20—33 years, participated in this study. All were
healthy and had a body mass index between 18.3 and 27.7 kg
m~> (for detailed information see Table S1). None of the
participants had any respiratory symptoms; however, one was a
smoker (subject 9) and another was asthmatic (subject 7).
Earlier results suggested no influence of smoking on breath
acetone concentrations,”® while there is no evidence that
asthma affects it either. Note that pulmonary function tests may
provide quantitative information about respiratory health
status,”” but this was not performed here. Diabetics were
excluded due to their disordered metabolism and known
altered breath acetone levels.”® Each subject had been informed
about the proceeding and signed a consent form prior to the
tests. This study had been approved by the Kantonale
Ethikkommission Ziirich. The volunteers were asked in advance
to fast for 12 h, not to brush their teeth nor use mouthwash for
2 h, and stay abstinent from alcoholic beverages for 24 h before

and during the experiment to avoid exogenous interference.
Each volunteer was tested twice on different days. The first test
(denoted as exercise) consisted of 3 X 30 min initial moderate
physical activity, with 15 min breaks in between for breath and
venous blood sampling, followed by 3 h of rest. The second test
(denoted as control) followed the same protocol, however, this
time without initial exercise but staying at rest throughout the
entire testing course. Physical activity was performed on a
bicycle ergometer (ES, Kettler) with power-independent pedal
speed and heart rate control with a pulse belt (T34, Polar). The
workload was adapted automatically by the ergometer to
maintain a heart rate at 63%>° of maximum heart rate (HR,,,)
at 60—80 rpm. HR_, (in beats per minute, bpm) was
approximated for men by HR_,, = 223 — 0.9x and for women
by HR,,,, = 226 — x, with x representing the subject’s age (in
years). Breath was sampled in total seven times: just before
physical activity, after each 30 min of physical activity, and
thereafter every 60 min during rest. Experiments were
performed in a ventilated room to avoid accumulation of
exogenous compounds (e.g., acetone) in the room air.
Background acetone concentrations did not exceed 100 parts
per billion (ppb). Venous blood samples were taken three
times: before and after physical activity and at the end of the
test.

B RESULTS AND DISCUSSION

Breath Acetone Sensor Design. The employed compact
and inexpensive sensor features a thin Si-doped WO; sensing
film on top of interdigitated electrodes (Figure 1a). Such films
are highly porous (Figure 1b), consisting of a fine structure of
Si-doped WO, nanoparticles (Figure 1c), typical for such flame-
made layers.”>*" The open structure of the sensing film allows
gas molecules to diffuse rapidly through the film for fast
response and recovery times, suitable for breath analysis in real
time.”" Also, it provides a large surface area to sense acetone
even at low concentrations (e.g,, 20 ppb),”" sufficient for breath
acetone detection, with levels typically above 150 ppb.'' In
principle, such semiconductive metal oxide nanoparticles are
chemoresistive-type gas sensors. In other words, analytes (e.g,,
acetone) interact with surface species of the metal oxide,
modulating the film resistance and resulting in a detectable
sensor response.”” Specifically for WO,, analyte interaction
with lattice oxygen at the surface may dominate.”> Most
remarkably, since these surface interactions are reversible, such
sensors are suitable for multiple’’ and even continuous breath
analyses.

Given the complexity of breath, a key challenge in sensor
development is sufficient selectivity to acetone to ensure an
accurate measurement. Here, we address this by applying
ferroelectric e-WOj exhibiting high acetone selectivity.”* This is
probably due to strong interaction between the spontaneous
electric dipole moment of e-WOj; with the high dipole moment
of acetone.” The metastable &-WO; is stabilized by Si doping
(10 mol %)*° without using potentially toxic elements (e.g,
Cr).** Such sensors had been evaluated already in simulated
breath mixtures to detect various acetone concentrations’' and
showed promising results in offline® and online®' breath tests
with a portable analyzer.®

Breath Sampling and Analysis Strategy. Reliable
acetone analysis requires standardized breath sampling, since
different breathing maneuvers and sample volume affect
acetone concentration.” Therefore, a novel sampler was
designed (Figure 1d,e; see Experimental Section) to extract
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Figure 2. Body fat burn monitoring during exercise and rest. Typical cycling power profiles (a) and heart frequency (b) of a subject when
undergoing the testing course, with 3 X 30 min cycling on an ergometer to stimulate body fat metabolism and 3 h postexercise rest, are shown. Note
that the load is adjusted automatically during cycling to keep the subject always at approximately 63% of the maximum heart rate. Symbols in panel b
indicate breath (orange circles) and venous blood (green squares) sampling. (c) Individual breath acetone changes (relative to initial value)
measured by the sensor of representative subjects during the testing course. (d) Corresponding venous blood f-hydroxybutyrate (BOHB)
concentrations that were sampled only three times instead of seven as with breath (in panel b) to minimize the discomfort for the volunteers.

reproducible end-tidal breath in a monitored fashion (by
relative airway pressure and CO, concentration) with minimal
effort for the subject. While early breath involves air from the
mouth and upper airways (anatomic dead space), most relevant
and highest acetone levels occur in the later portions from the
bronchi and pulmonary alveoli (end-tidal breath) containing
chemical information about blood composition (including
metabolic products) due to gas exchange in the lung.’” In
principle, complete breath is exhaled through an open-ended
sampler tube. After exhalation, only the end-tidal portion
remains inside the tube and is fed to the sensor for prolonged
exposure, as can be evaluated from the CO, profiles (Figure 1f,
red line) of three consecutive exhalations (each 30 s) of a
subject. During exhalation, the CO, concentration increases
rapidly until it reaches a maximum at 6.2—6.4%, indicative of
end-tidal breath (CO, > 3%).>® Most importantly, this portion
is buffered for an additional 20 s after exhalation before the
CO, level declines rapidly and stabilizes again at the initial
baseline indicating fast and complete refreshment or regener-
ation of the sampler tube.

Figure 1g shows the corresponding acetone sensor responses
(black line) and concentrations measured by PTR-TOF-MS
(blue line). Both instruments respond immediately with
reproducible results for the three breath samples. Specifically,
the acetone sensor response increases rapidly and reaches each
time a maximum at a response of ~2 during the prolonged
exposure to end-tidal breath. This corresponds to an acetone
level of ~960 ppb, as measured by PTR-TOF-MS, and it is
within typical daily variation.' While the sensor features slower
response times than the PTR-TOF-MS, it is still sufficiently fast
to detect the acetone reliably with the present sampler. The
sensor shows also higher (>$ times) signal-to-noise ratio than
PTR-TOF-MS, a favorable feature for signal analysis. After
exposure, the sensor and PTR-TOF-MS always recover the
initial baseline, similar to CO, (Figure 1f, red line), and are
ready for reuse.

Individual Body Fat Burn Monitoring during Exercise
and Rest. The sampler-sensor system was applied to monitor
the breath acetone dynamics of 20 volunteers during exercise
and postexercise rest. Therefore, all subjects underwent exercise
with initial three times 30 min cycling on an ergometer at
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moderate intensity (Figure 2ab, please see Experimental) to
stimulate their body fat metabolism followed by a 3 h rest. Prior
to and throughout the testing course, the volunteers have been
fasting to minimize the influence of food intake. The
corresponding breath acetone profiles of four representative
volunteers (for physiological data of all subjects, please see
Table S1) are shown in Figure 2c. Note that breath acetone is
indicated as relative change from the initial value (at t = 0) to
evaluate only the effect of the exercise. That way, also a
comparison between subjects is easier, as their initial acetone
concentrations may vary significantly due to biological
variability."’

In a typical case (e.g, subject 18, red diamonds), breath
acetone increases only little during exercise but triples during
the postexercise rest. Increasing breath acetone concentrations
during and after exercise have been observed also in other
studies (e.g., during cycling8 and walkinglo) and should reflect
enhanced body fat metabolism, with acetone being a byproduct
of lipolysis.* Thus, for subject 18, it seems that the initial
exercise stimulated body fat metabolism that becomes most
pronounced after exercise. To confirm this, venous blood S-
hydroxybutyrate (BOHB) is analyzed simultaneously, as a
marker for body fat metabolism® (Figure 2d). Remarkably, it
shows the same dynamic response, supporting that the present
breath acetone sensor indeed follows body fat metabolism but,
most importantly, in a noninvasive manner.

Individual body fat burn rates may differ between humans
due to the usual biological variability (including different fitness
levels). Nevertheless, the sensor should recognize this correctly
for customized feedback. In fact, when comparing the
individual exercise profiles of selected volunteers (Figure 2c),
distinctly different breath acetone profiles are detected, again all
in good agreement to BOHB dynamics (Figure 2d). For
instance, subject 3 (blue circles) shows a steady breath acetone
increase already during exercise with higher concentrations
during the postexercise rest, similar to subject 18 though at a
lower level. On the other hand, the breath acetone of subject 9
(black squares) is hardly affected by exercise. In fact, it even
decreases slightly during exercise. Note that this may be
affected by the smoking habit of subject 9 (see Table S1);
however, the breath acetone dynamic is rather similar to that of
nonsmoking subject 4 (see Figure Sla), and previous studies
have suggested no influence of smoking on breath acetone
concentrations.”® From these results, already some feedback
can be provided to the subjects: while the workout stimulated
the body fat metabolism of subjects 3, 11, and 18 with highest
rates during the postexercise rest, it was not effective for subject
9. In a next step, this device could be used to guide the
optimization of their training conditions (e.g., higher cycling
intensity, type of exercise, etc.) to maximize the individual body
fat metabolism.

For comparison, each volunteer was tested also another time
following the same protocol but without cycling (denoted as
control). Figure 3a shows the average breath acetone change
and variability of the 20 subjects when tested with exercise (red
triangles) and as control (blue squares). While the volunteers
responded on average with a breath acetone increase, especially
after exercise, the sensor detects only a small breath acetone
change toward the end of the measurement for control,
probably due to the prolonged fasting of the volunteers'””’
(see Figure S1 for individual breath acetone data). Both trends
are again in agreement with the measured venous blood BOHB
(Figure 3b), including for the controls with the small increase
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Figure 3. Breath and venous blood data of 20 subjects: average
acetone change measured by (a) sensor and (b) venous blood f-
hydroxybutyrate (BOHB) concentrations during testing with 3 X 30
min initial exercise and 3 h rest (red triangles). For comparison, each
subject is tested a second time as control (blue squares) following the
same protocol without exercise. Error bars indicate the standard
deviations of 20 volunteers.

toward the end of the measurement, indicating enhanced fat
metabolism.* Note that error bars in Figure 3ab partially
overlap, resulting from the different individual body fat burn
rates (and thus breath acetone and venous blood BOHB
profiles) in response to the exercise and control conditions due
to the volunteers’ biological variability.

To evaluate the correlation between the sensor-measured
breath acetone and venous blood BOHB in more detail, Figure
4a shows the corresponding scatter plot of all data points.
Breath acetone and BOHB correlate well with correlation
coefficients of 0.82 (p < 0.05). This is quite comparable to
other studies that found an average of 0.88 (there, however, for
absolute concentrations).” This provides further evidence that
breath acetone is a suitable surrogate for body fat burn and the
presented sensor monitors it noninvasively.

Finally, to cross-validate the sensor’s accuracy for breath
acetone detection, all breath samples were analyzed simulta-
neously by PTR-TOF-MS. Figure 4b shows the scatter plot for
relative acetone change as measured by the sensor and PTR-
TOF-MS for all 280 breath samples (for PTR-TOF-MS-
measured acetone concentrations over time, see Figure S2).
Both instruments correlate strongly (correlation coefficient
0.97, p < 0.05) and agree well without systematic bias and
sufficiently small limits of agreement, as indicated by additional
Bland—Altman analysis*® (see Figure S3). Small sensor
underprediction occurs only at higher acetone changes
[compare fitted (dashed) and ideal (solid) lines in Figure
4b]. As a result, our sensor reliably detects and monitors breath
acetone. This is remarkable considering the sensor’s compact-
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ness and low cost compared to PTR-TOF-MS. At the same
time, it is more accurate than chemical adsorption columns,
which are hand-held breath acetone detectors but for single

13
use.

B CONCLUSIONS

A portable, easy-to-use, and inexpensive breath acetone sensor
is presented that can monitor in situ body fat burn dynamics
during exercise and rest. It consists of an extremely porous film
of flame-made Si-doped WOj; nanoparticles for highly sensitive,
selective, and rapid breath acetone detection. To facilitate
reproducible and reliable breath acetone analysis, a sampler that
extracts and buffers the end-tidal fraction of breath for
prolonged sensor exposure was crucial. When applied to 20
volunteers during exercise and rest, this sensor recognized and
closely followed individual breath acetone concentrations, in
good agreement with benchtop PTR-TOF-MS. Increasing
breath acetone reflected intensified body fat metabolism, as
confirmed by measured venous blood BOHB. Most remarkably,
the strongest body fat burn with significant intraindividual
variation was detected typically during a 3 h postexercise rest.
As a result, this compact breath analyzer is promising as a body
fat burn monitor for daily application at home or in gyms to
provide immediate feedback during exercise and dieting for
more effective body fat loss.
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