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Abstract

Liver diseases (e.g., cirrhosis, liver cancer) cause more than two million deaths per year
worldwide. This is partly attributed to late diagnosis and insufficient screening techniques. A
promising biomarker for non-invasive and inexpensive liver disease screening is breath
limonene, that can indicate a deficiency of the cytochrome P450 liver enzymes. Here, we
introduce a compact and low-cost detector for dynamic and selective breath limonene sensing.
It comprises a chemoresistive sensor based on Si/WOs3 nanoparticles pre-screened by a packed
bed Tenax separation column at room temperature. We demonstrate selective limonene
detection down to 20 parts per billion over up to three orders of magnitude higher
concentrated acetone, ethanol, hydrogen, methanol and 2-propanol in gas mixtures, as well as
robustness to 10 — 90% relative humidity. Most importantly, this detector recognized the
individual breath limonene dynamics of four healthy volunteers following the ingestion
(swallowing or chewing) of a limonene capsule. Limonene release and subsequent
metabolization was then monitored from breath measurements in real-time and in excellent
agreement (R? = 0.98) with high resolution proton transfer reaction mass spectrometry. This
study demonstrates the potential of the detector as a simple-to-use and non-invasive device for
the routine monitoring of limonene levels in exhaled breath to potentially facilitate early
diagnosis of liver dysfunction.

Keywords: gas sensors, nanotechnology, liver disease, breath analysis, diagnostics, mobile
health, PTR-ToF-MS



Chronic liver disease and cirrhosis accounted for 3.5% of all deaths worldwide in 2019.1
Typically, liver disease progresses asymptomatically and is detected during clinical
decompensation,? such as ascites, sepsis, variceal bleeding, non-obstructive jaundice, and
encephalopathy. Then, reliable diagnosis is possible with non-invasive but time consuming
and expensive imaging methods® such as ultrasound, Magnetic Resonance Elastography
(MRE), Magnetic Resonance Imaging (MRI), and Computerised Tomography (CT), but these
may not be readily available for many clinicians. Invasive liver biopsy is a commonly used
diagnostic tool for assessing liver disease,* but comes with associated risks and only samples
a small volume of the liver. Whilst blood tests provide useful information on the levels of
serum billirubin and the liver enzymes alanine aminotransferase and alkaline phosphatase,
they provide limited information on liver function,® and levels can remain at normal values
until liver decompensation occurs.® Blood tests are also not specific because increased levels
can arise due to, for example, acute liver injury. Owing to the asymptomatic nature of liver
disease, it is estimated that more than 50% of the patients receive their diagnosis only at an
advanced disease stage,> when curative treatments to stabilize disease progression are less
successful. This greatly increases mortality rates.” Thus, novel techniques for early-stage
detection are needed.?

A promising and non-invasive® tool to diagnose and monitor diseases is breath analysis.®
A known volatile breath marker for liver disease is d-limonene,'° a harmless exogenous
monoterpene that is regularly ingested from citrus fruits,** oils,'? cosmetics,*? and fragrances*
or inhaled (e.g., perfumes). There is no evidence for any endogenous production of
limonene.*® Typically, limonene is metabolised to trans-carveol, trans-isopiperitenol or
perillyl alcohol by the cytochrome P450 enzymes CYP2C9 and CYP2C19 in the liver.1
However, if liver function is impaired, limonene metabolization by these enzymes is reduced,
which is apparent for CYP2C19 already at the earliest stage of disease.}” As a result, patients
with liver cirrhosis feature elevated median limonene concentrations of 14.2 parts per billion
(ppb, going up to 170 ppb?®) compared to 1.5 ppb in healthy controls.*® A similar trend was
observed by other studies*®-?!, including hepatocellular cancer patients.'® Importantly, these
limonene concentrations dramatically drop in patients to 2.3 ppb within few days after liver
transplantation, providing evidence that limonene is a true biomarker for liver disease.°

To differentiate between healthy and diseased metabolic functions, clinicians often apply
kinetic tests, for instance, to diagnose lactose malabsorption (H: breath tests??) and type 2

diabetes (oral glucose tolerance test?®). While not yet established for liver function



assessment, monitoring levels of limonene in breath, following its intake and subsequent
metabolization, could serve similarly as a non-invasive kinetic test to diagnose liver disease,
as well as a method to monitor the success of treatments (e.g., liver transplantation).?*
Towards this, a recent study has reported that administering peppermint oil capsules (which
contain limonene) led to a 12-fold concentration increase in monoterpenes after 30 min and a
reduction to baseline level after 285 min in the breath of healthy volunteers.!2

Limonene has been detected in exhaled breath using various techniques such as soft
chemical ionization mass spectrometric?® and gas chromatography-mass spectrometric?
methods. Whilst these techniques are suitable for discovery programs, for clinical applications
these instruments are too expensive and too bulky. More promising are compact sensors that
can be integrated into handheld devices to be used by clinicians or by patients at risk of liver
disease for regular screening or therapeutic monitoring.® Different sensor types have been
reported for the detection of limonene in breath? and food?® applications, including optical
(e.g., SU-8 whispering gallery mode resonator?’), chemoresistive (e.g., polystyrene-based
molecularly imprinted polymer (MIPs) with organic semiconductor poly(3-
hexylthiophene)?®), quartz crystal microbalance (QCM, with MIP coating®® and as an array?®)
and electrochemical (e.g., thiol-capped Au nanoparticles?®) sensors. However, these feature
insufficient limits of detection for breath applications, with the lowest measured concentration
being 6 ppm in dry air.?’ In addition, their selectivity towards competing breath markers (e.g.,
acetone, ethanol, methanol, etc.) has not been assessed.

Here, we present details on a novel detector which comprises a separation column®
followed by a highly sensitive chemoresistive®! sensor. Si/WO3 was chosen due to the high
sensitivity of WOs to terpenes® (including d-limonene?®). The separation column restricts the
transport of limonene molecules, while other breath volatiles (referred to as interferants) pass
through the column essentially unhindered, allowing for sequential and hence selective
detection of first the interferants and then the limonene by the sensor (Figure 1a). Information
on the detector’s selectivity and sensitivity are reported for both limonene as a single analyte
and for limonene in gas mixtures containing commonly found volatiles in breath (e.g.,
acetone, ethanol, isoprene, carbon monoxide, hydrogen, methanol, and 2-propanol) that can
have up to three orders of magnitude higher breath concentrations than limonene. The
robustness of the detector to various relative humidities is also assessed. The potential of this

detector is illustrated by evaluating its performance under real conditions through a series of



breath tests involving four healthy volunteers who had ingested (swallowed or chewed) a

capsule containing limonene.

Experimental Section
Si/WOQOs sensor and Tenax separation column fabrication

The limonene detector consists of a highly sensitive flame-made®! Si/WOj3 sensor that is
pre-screened®* by a room temperature Tenax TA separation column (Figure 1a).%° The sensor
was produced by flame spray synthesis and direct deposition of 10 mol% Si/WO3 nanoparticles
onto interdigitated Pt electrodes on an AlO3 substrate.® The sensor was mounted onto a Macor
holder installed inside a Teflon chamber and heated to 300 °C by applying a constant voltage
to a Pt heater that was placed on the back of the substrate (HMC803, R&S, Germany) while a
multimeter (Keithley, 2700) was used to record the ohmic film resistance between the
electrodes.®®

The separation columns were prepared using 25 mg commercial Tenax TA (poly(2,6-
diphenyl-p-phenylene oxide), 60-80 mesh, ~35 m?/g, Sigma Aldrich). The powder was
assembled as a packed bed inside a Teflon tube of 4 mm inner diameter and secured with
quartz wool on both ends.*° Prior to any measurements, the tube was flushed with 300
mL/min of dry synthetic air (ChnHm and NOx < 100 ppb, PanGas, Switzerland) for two hours to
remove possible volatile contaminants. The separation columns were connected to the sensors

using inert Teflon tubing.

Sensing tests

Sensing tests were carried out with a setup described in detail elsewhere.® Using mass
flow controllers (MFCs, Bronkhorst, Netherlands), the analytes d-limonene (17 ppm, in dry
synthetic air, PanGas), acetone (15 ppm), methanol (504 ppm), 2-propanol (200 ppm),
hydrogen (50 ppm), carbon monoxide (CO, 500 ppm), ethanol (15 ppm), and isoprene (500
ppm) were dosed into high purity dry synthetic air. The relative humidity (RH) of these
calibration standards was adjusted to 10 — 90% by linearly ad-mixing an air stream that was
bubbled through ultrapure water (Milli-Q A10, Merck, Switzerland) and validated with a
humidity sensor (Sensirion, SHT2x), which was used also to measure the ambient air
temperature and RH. The total flow rate was set at 300 mL/min. The detector was evaluated
for single analytes and mixtures for 180 s exposures (unless mentioned otherwise). Sensing

tests were performed with and without the Tenax separation column upstream of the sensor.
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Breath measurements

Breath measurements were carried out with four female volunteers aged 25 — 34. All
were healthy, i.e., without known liver, kidney, cardiovascular, or respiratory diseases. Also,
these volunteers were non-smoking and had abstained from alcohol and chemical mouthwash
for, at least, 12 hours prior to these measurements. Drinking (except water) and eating was not
allowed throughout the breath study to minimize any interference from confounding volatiles.

Breath exhalations were carried out using a tailor-made end-tidal breath sampler®” with a
tube volume of 270 mL and a flow restrictor to allow for controlled breath exhalations. The
volunteers were asked to exhale completely into that sampler through a sterile and removable
mouthpiece (EnviteC-Wismar GmbH, Germany) for about 30 s. The exhaled breath gas was
analyzed simultaneously with the detector (i.e., the Si/WO3 sensor pre-screened by the Tenax
separation column) and a proton-transfer-reaction time-of-flight mass spectrometer (PTR-
ToF-MS 1000, lonicon Analytik GmbH, Austria), which has a high mass resolving power of
up to 1000 m/Am. A diaphragm pump (SP 270 EC-LC, 5 V DC, Schwarzer Precision,
Germany) was used to maintain a constant gas flow of 300 mL/min, which drew the breath
sample into the drift tube (reaction region) of the PTR-ToF-MS. The flow rate was validated
by a calibrated flow meter at the pump outlet.

For this study, the drift tube of the PTR-ToF-MS was connected downstream of the
breath sampler and the detector through inert Teflon tubing that was heated to avoid
condensation. Descriptions of the key operating principles and general details of PTR-ToF-
MS applications are provided in depth in the literature.®® In brief, the drift tube of the PTR-
ToF-MS was operated at a voltage of 600 V and maintained at a temperature of 60 °C and a
pressure of 2.3 mbar. The HzO" primary ions were produced via a series of ion-molecule
reactions in a hollow cathode discharge ion source containing water vapor originating from a
reservoir of pure water. Upon transfer into the detection region of the instrument, the reagent
and product ions were separated in the drift tube according to their drift times and detected
with a multichannel plate detector. Drift times of the ions were converted to m/z values
through mass calibration. Reactions of HzO" with limonene in the drift tube are known to
produce two dominant product ions at mass-to-charge ratios m/z 137.13, C1oH17" (non-
dissociative proton transfer) and m/z 81.07, CeHg* (dissociative proton transfer).2 For this
study the signal intensity of C1oH17" was sufficient to determine accurately breath

concentrations.



Study design

The study protocol started with a single breath exhalation to provide the background level
of limonene in a volunteer’s breath. This was followed by the consumption of a d-limonene
soft gel capsule (Jarrow Formulas) that contained 1000 mg of limonene enclosed in a bovine
gelatin shell. Whereas volunteer #1 was asked to swallow the capsule, volunteers #2, #3 and
#4 were asked to chew it first before swallowing to accelerate limonene release. After
chewing and ingestion, volunteers #2, #3 and #4 were asked to rinse their mouths to remove
potential limonene residuals in their oral cavities. Breath exhalations were analyzed every 30
min for volunteer #1. For volunteers #2, #3 and #4, breath exhalations were analyzed 15 min
after limonene consumption (to capture rapid limonene dynamics), followed by 30-min
intervals. This study was not subject to ethics approval, as confirmed by the ETH Zurich

Ethics Commission. However, each volunteer gave written informed consent prior to the tests.

Data analysis
The response (S) of a sensor is defined as:

S= Rair _1’

Ranalyte

with Rair and Ranaiyte being the sensing film resistances in air and during analyte exposure,
respectively. The sensor selectivity is defined as the ratio of the limonene response to the
interferant response according to IUPAC guidelines.® The signal-to-noise ratio (SNR)
represents the ratio of the film resistance change by analyte exposure over baseline
fluctuations, i.e., the standard deviation in air, as determined over, at least, 20 data points. The
response time is defined as the time needed to reach 90% of the resistance change. The
retention time (t;) is defined as the time from the start of the exposure to the maximum
response.*® To evaluate the breath measurements, the limonene sensor response is calculated
at a fixed retention time of 150 s. Only at high limonene concentrations, where the signal of
limonene and retained species overlaps, the maximum sensor response was used.

For the PTR-ToF-MS measurements, analyte concentrations were determined at m/z
values of 33.03 (methanol*!), 59.05 (acetone*?), 69.07 (isoprene*!), and 137.13 (limonene!?)
by integrating over the peak area using the PTR-MS Viewer 3.1 software. Breath limonene
concentrations were calculated at the maximum dynamic signal intensity by comparing to
three-point calibrations that were carried out with the Tenax separation column over the

relevant range, using the above calibration gas standard.



Experimental measurements were repeated at least three times from which the average
value and standard deviation (o) was calculated. The sample size (N) is indicated in the figure
legends for each statistical analysis. The coefficient of determination (R?) and Pearson
correlation coefficient (rp) were calculated to determine the variation and linearity between
two data sets, respectively. For breath evaluation, limonene levels were normalized to the
maximum values detected for better comparison of limonene uptake and metabolization

dynamics between individual volunteers.

Results and Discussion
Selective limonene detection

Figure 1b shows the response of a Si/WO3 sensor without the separation column upon
exposure to 100 ppb limonene (blue, solid line) and 1000 ppb acetone (purple, dashed line), 2-
propanol (brown), methanol (green) and hydrogen (red) at 50% RH. The latter four
compounds were chosen because they are typical breath interferants that can occur at elevated
concentrations in healthy volunteers (e.g., > 1.5 ppm methanol,*® > 0.1 ppm 2-propanol,** >
10 ppm hydrogen® and > 2.5 ppm acetone*¥). The sensor responds quickly to the analytes
(i.e., within 12 s for limonene) through a change in electrical resistance that is considered to
occur as a result of the interaction of an analyte with oxygen vacancies and/or ionosorbed
surface species that alter the charge carrier concentration and mobility in the surface-near
layers, typical for WOs-based chemoresistive sensors.*® The highest sensor response is
observed for limonene (i.e., 1.92), followed by acetone (1.65) and 2-propanol (0.36).
Methanol and hydrogen are hardly detected (response < 0.1), in agreement with literature.*’
However, this sensor cannot discriminate these analytes, which is typical*® for such
chemoresistive sensors. While high sensor responses towards acetone have been reported for
Si/WOs sensors,® the higher response to the much lower concentrations of limonene is
remarkable. This is in agreement with previous works showing higher responses for terpenes®?
(e.g., d-limonene®®) for WO3-based sensors when compared to In;03 and ZnO.*

Selective limonene detection is enabled by placing the Tenax separation column ahead of
the sensor, with the limonene peak occurring now at a retention time of 315 s (solid line, 100
ppb, Figure 1c), while all interferants (dotted lines) pass through the column essentially
unscathed and their detection is terminated after 240 s. Most importantly, the limonene peak
does not overlap with the interferants’ responses. Note that limonene retention comes with a

response reduction from 1.92 without the separation column to 0.39 with the separation
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column at 100 ppb, while the unhindered acetone and 2-propanol reach almost identical
responses (deviations < 5%), as expected.>° Similarly, various other critical breath
interferants, such as ethanol and isoprene, remain unaffected by the separation column, while
the responses are generally low for hydrogen, methanol, and CO, as reproducibly shown for
three identically prepared detector systems (error bars, Figure S1).

The limonene retention is attributed to the Tenax particles that feature high surface area
(25 m?/g)*° and separate molecules predominantly by unspecific adsorption through van der
Waals forces.>® Hence, heavier molecules such as limonene (136.24 g/mol) are retained
longer, and feature higher breakthrough volumes (e.g., 12000 L/g at 20 °C®?) than interfering
molecules (e.g., 0.36, 5.0, and 6.0 L/g for methanol, 2-propanol and acetone at 20 °C,
respectively®®). It is worth noting that the retention characteristics can be adjusted through the
Tenax loading in the packed bed and the gas flow rate.®* This has been demonstrated for
selective methanol (in breath® and hand sanitizers®?) and formaldehyde®® detection, even as
an integrated device.>

In exhaled breath, limonene concentrations can vary, thus the detector was tested from 20
to 500 ppb (Figure 1c and its inset). Most importantly, 20 ppb of limonene were detected
with a SNR of 6.3 and clearly distinguished from the interferants. This outperforms sensors
that measured, at best, only 6 ppm (SU-8 whispering gallery mode resonator?’), 50 ppm
(polystyrene-based molecularly imprinted polymers (MIPs) and organic semiconductor
poly(3-hexylthiophene)?®), and 113 ppm (thiol-capped Au nanoparticles?®) of limonene. Note
that the retention time is rather constant for small limonene concentrations (i.e., 330 + 11 s
between 20 and 100 ppb), but decreases at higher levels (down to 253 s at 500 ppb, Figure
S2), in line with literature.®® While the detector requires more than 15 min to regenerate to its
initial baseline, this can be improved by slight heating (e.g., raising the temperature to 80
°C> or by switching the filter,> if required. Note that the ambient air temperature in the
controlled laboratory environment was maintained at 23.7 = 1.2 °C. In case of larger
temperature variations, the detector may be equipped with an additional temperature sensor
that corrects for temperature-related retention time changes® in the separation column.

Exhaled breath is a complex gas mixture that can contain more than 1000 volatiles.>®
Hence, the detector’s performance is assessed for 50, 75 and 100 ppb limonene together with
the interferants acetone, methanol, 2-propanol and hydrogen (each at 1000 ppb, Figure 1d,
dashed line). Clearly, the detector measures first the interferants followed by the limonene. Its

peak is nearly identical in the gas mixture compared to that as a single analyte (solid line) for



all limonene concentrations ranging from 20 ppb up to 500 ppb, with a high coefficient of
determination, R? > 0.999 between single analyte and gas mixture measurements (Figure 1e).
A linear response relation holds over the entire concentration range, as expected for such
Si/WOj3 sensors at low analyte concentrations.® The high limonene sensitivity and selectivity
are unprecedented (to the best of our knowledge), and are enabled by the flame-aerosol
deposited, nanostructured sensor®” and the separation column, respectively. Without it, the
sensor would greatly overestimate the limonene concentration in that gas mixture (Figure S3,
squares).

The selectivity of the separation column is maintained even in gas mixtures containing
orders of magnitude higher breath-relevant concentrations of acetone (up to 4 ppm®®), Hz (up
to 20 ppm™®), and ethanol (up to 100 ppm?®®), which may be present in breath from alcohol
intake or inhaling hand disinfection or cleaning agents. In fact, the response to 100 ppb
limonene is hardly affected by these interferants (< 20%, Figure 2) compared to single
analyte (dashed line). Note that the normalized response is shown here to better visualize the
relative error. This demonstrates that the detector is quite robust to extreme conditions that
may be present in environments such as hospitals or clinics. Finally, it also features excellent
repeatability (i.e., < 3% deviation, Figure S4), making it attractive for precise and repeatable

limonene sensing.

Humidity robustness

Relative humidity varies significantly in indoor and outdoor air (e.g., 32 — 84% RH®) and
reaches more than 90% in exhaled breath.5! Hence, the detector was challenged further at 90,
70, 50, 30, and 10% RH while exposing it to 100 ppb limonene together with a gas mixture
containing acetone, methanol, 2-propanol and hydrogen, each at 1000 ppb. The detector
resistance is shown in Figure 3a. With decreasing RH, the baseline resistance drops from 24
to 20 MQ at 90 (i.e., close to exhaled breath) and 30% RH (laboratory air, Figure S5),
respectively. This has been associated with the reaction of water molecules with oxygen
vacancies on the WOj3 surface.*® It corresponds to a detector response of 0.2, that is similar to
60 ppb of limonene (Figure 1e), that did not compromise dynamic limonene monitoring, as
will be shown later. Most importantly, RH variations do not affect limonene selectivity by the
separation column. In fact, the limonene peak occurs at almost identical retention times (< 5%

variation for all RH), suggesting minimal RH influence, in line with literature.>* Remarkably,
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the detector response to 100 ppb limonene for all RH (considering their individual baselines)
hardly changes (i.e., 0.36 + 0.012, Figure 3b), indicating high RH robustness.

Limonene detection in breath

To demonstrate the detector’s potential for breath analysis, it was tested on four
volunteers, with the protocol for volunteer #1 shown in Figure 4a. This protocol was chosen
as it is a promising tool to assess liver function by tracking limonene uptake and decline,
which reflects the rate of metabolization. Figure 4b shows the detector response to the breath
exhalation at 0 min of volunteer #1 prior to limonene administration (solid line, top). The
detector responds quickly (i.e., within 26 s, with a maximum response of 2.3) and fully
recovers the baseline after about 150 s. This response is attributed to non-retained breath
molecules, in agreement with Figure 1b,c, and is validated exemplarily by PTR-ToF-MS
measurements (dashed lines, bottom) for acetone (1.7 ppm), isoprene (0.4 ppm) and methanol
(0.4 ppm).

As expected for healthy volunteers,'® hardly any limonene is detected prior to
consumption of the capsule (bottom Figure 4b, right ordinate). This is similar to 60 min after
limonene consumption (Figure 4c), where the limonene concentration remains low, probably
due to delayed release from the swallowed capsule, as the bovine gelatin shell had to dissolve
first. Most importantly, the absence of a response at longer retention times indicates also that
other compounds with similar breakthrough volumes (e.g., octanal has 12500 L/g on Tenax at
20 °C®!) do not interfere with limonene sensing, probably due to their lower concentration
(median breath octanal level is 1.5 pph®?) than limonene, as shown below. Worthy of note,
acetone concentrations continuously increased throughout the measurements from 1.7 att =0
min to 2.5 ppm at 60 min and 4.0 ppm at 330 min, which is almost certainly due to prolonged
fasting that resulted in enhanced lipolysis.>® This suggests that acetone is a major contributor
to the non-retained detector response, in agreement with Figure 1b,c. Note that differences in
exposure, response and recovery times of the detector compared to the flow-bench
measurements (Figure 1c) are attributed to the buffered end-tidal breath sampling procedure.®’

In contrast, after 210 min, the response profile is significantly altered (Figure 4d). Now,
a response hump appears after 150 s (max. response = 2.3). This is attributed to the presence
of 630 ppb limonene, as determined by the PTR-ToF-MS which detects limonene after the
same retention time. Note that the shorter retention time here compared to Figures 1 and 3

(i.e., 84 s vs. 180 s exposure time, Figure S6) is again attributed to the different sampling, as
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well as higher concentrations of limonene (Figure 1c and S2). The presence of limonene in
the breath indicates release from the capsule in the stomach, which enters breath either
directly from the digestive tract through the oesophagus, or through the diffusive exchange
with blood in the lung alveoli.®* The limonene response hump increases even further after 330
min (i.e., 3.8), which is in line with the higher limonene concentration of 1062 ppb measured
by PTR-ToF-MS (Figure 4e). Hence, the detector can follow closely changing limonene
concentrations in real breath samples (see Figure S7 for all times). More specifically, the
detector response and limonene concentration by PTR-ToF-MS correlate linearly (Pearson rp
> 0.99, Figure S8), that is in good agreement with the laboratory gas mixture tests (Figure
1e). Note that each breath measurement shows a small response increase after 300 s (see
Figure 4 and Figure S7), which may be attributed to water desorption from the breath sampler.

Dynamic limonene monitoring

To evaluate the effect of limonene administration and subsequent metabolization, the
measured detector response (at t = 150 s) and maximum concentrations (PTR-ToF-MS) are
shown in Figure 5a for volunteers #1 — 4. Note that both detector response (solid lines) and
PTR-ToF-MS measured intensities (dashed lines) are normalized to the maximum signal to
easily compare the increase and the decrease of limonene levels as potential indicator of liver
function. Full response, limonene, isoprene, and acetone profiles are provided also for
volunteers #2 - 4 in Figures S9 — S11 for completeness.

Volunteer #1 shows delayed increase in limonene concentration (Fig. 5a, triangles)
starting at 120 min, as traced by the detector in good agreement with the PTR-ToF-MS
results. The maximum occurs after 270 min (concentration 1.7 ppm, Figure S7), before the
limonene level decreases to 34% after 390 min (i.e., 120 min after maximum) suggesting its
metabolization by liver enzymes. In contrast, when chewing the capsule (to trigger rapid
limonene release into the digestive tract, volunteers #2, #3 and #4), the limonene reaches a
maximum already after 15 — 75 min. Still, the subsequent limonene decrease occurs at a
similar rate, for example down to 23% for volunteer #4 after 165 min (i.e., 140 min after its
maximum at 15 min). This is in line with kinetic tests performed with liquid limonene
administration in healthy volunteers,®® where a maximum intensity is observed after 30 min,
which dropped to approximately 5% after 180 min (i.e., 150 min after the maximum).>*

Most importantly, the detector agrees well with the levels recorded by the PTR-ToF-MS.
This is illustrated in Figure 5b, showing a scatter plot of the normalized limonene intensity as

12



detected by the detector and the PTR-ToF-MS. All data points are close to the ideal dashed
line, and the coefficient of determination (R?) is 0.98 for 40 breath samples, without
significant interference by other breath compounds. Hence, the detector captures accurately

the individual limonene dynamics in healthy volunteers.

Conclusions

A highly sensitive and selective detector for ppb-level limonene sensing in breath has
been presented. It comprises of a Tenax TA separation column which retains limonene longer
than key breath interferants, and a Si/WOs3 sensor which quantifies limonene down to 20 ppb
at high RH (i.e., up to 90%), outperforming state-of-the-art optical, chemoresistive and mass-
sensitive sensors and arrays. High selectivity and humidity robustness is preserved in gas
mixtures containing orders of magnitude higher interferant concentrations. Validated in
exhaled breath from healthy volunteers, this detector accurately measures limonene
concentrations, in good agreement with those determined from the PTR-ToF-MS
measurements. As a result, it captures slow and rapid limonene release and metabolization in
four healthy volunteers following the ingestion (swallowing or chewing) of a limonene
capsule.

As a result of this proof-of-principle investigation, this detector is ready to be tested on
patients with liver dysfunction in a follow-up study, however, this requires larger cohorts and
ethical permission. Ideally, the detector will be integrated into a hand-held®® device with
wireless smartphone read-out. Based on its compact design, low-cost, and high accuracy, we
envision future application of such detectors for routine and non-invasive liver dysfunction

assessment, potentially capable of recognizing liver abnormalities at an early stage.
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Figure 1: Selective ppb-level limonene sensing as single gas and in mixtures. (a) Concept
illustration: Limonene is present in the complex chemical environment of exhaled breath. The
separation column of Tenax particles retains limonene, while other volatiles referred to as
interferants pass essentially unhindered. A chemoresistive sensor of Si/WO3 nanoparticles
placed downstream quantifies interferants and limonene sequentially, and thus, high
selectivity is achieved. Si/WQO3 sensor response to 100 ppb limonene (blue, solid line) and to
1000 ppb acetone (purple, dotted line), 2-propanol (brown), methanol (green), and hydrogen
(red) as single analytes (b) without and (c) with the Tenax separation column. Limonene
concentrations between 20 and 500 ppb together with a magnification as inset in (c). (d)
Si/WOs sensor response with separation column when exposed subsequently to 50, 75 and
100 ppb limonene alone (solid line) and for limonene in a gas mixture (dashed line) with the
interferants methanol, 2-propanol, hydrogen and acetone, each at 1000 ppb. (e) Respective
response to 20 — 500 ppb limonene alone (triangles) and together with the same gas mixture
(circles). All measurements are performed in air at 50% RH.
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Figure 2: Normalized detector response to 100 ppb limonene in gas mixtures with 0.5 — 4
ppm acetone (purple bars and circles), 5 — 100 ppm ethanol (black bars and triangles), and 5 —
20 ppm hydrogen (red bars and squares) at 50% RH. The detector response is normalized to
the response to 100 ppb limonene alone (dashed blue line).
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Figure 3: Humidity robustness. (a) Detector resistance upon exposure to 100 ppb limonene
together with a gas mixture of 1000 ppb acetone at 90% RH, or with a total of 4000 ppb
interferants, i.e., methanol, 2-propanol, hydrogen and acetone, each at 1000 ppb, at 70, 50, 30
and 10% RH. Note that at 90% RH, only 1000 ppb acetone is used due to a limitation of the
measurement setup. (b) Corresponding detector responses for 100 ppb limonene as a function
of RH. The average limonene response (dashed line) and standard deviation are shown,
indicating that the detector response is hardly altered by RH at 10 — 90% in the presence of
interferants.
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Figure 4: Breath measurements. (a) After the consumption of a limonene capsule at time =
0 min, limonene passes through the gut and is released to breath either directly through the
oesophagus or through the diffusive exchange from blood in the lung alveoli.* When it
reaches the liver through the blood circulation, limonene is metabolized to perillyl alcohol,
trans-carveol, and trans-isopiperitenol by cytochrome P450 enzymes.'® Unmetabolized
limonene diffuses from the blood to the breath, where it is analysed every 30 min for
volunteer #1, as indicated by the triangles. Detector response (black solid line, top) and
corresponding PTR-ToF-MS concentrations (dashed lines, bottom) of acetone (purple, left
ordinate), isoprene (orange), methanol (green) and limonene (blue, right ordinate) (b) before
ingestion of the capsule and (c) 60 min, (d) 210 min, and (e) 330 min after ingestion of the
capsule (all other time points can be seen in Figure S6). Note that the breath exposure times
(30 s exhalation + 54 s buffering inside end-tidal sampler®’), and thus the limonene retention
time (see Figure S4), are shorter compared to those shown in Figures 1 and 3.
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Figure 5: Dynamic limonene monitoring. (a) Normalized breath limonene intensities of
volunteers #1 (triangles), #2 (diamonds), #3 (squares) and #4 (stars) as measured by the
detector (solid line) and the PTR-ToF-MS (dashed line) as a function of time. Note that
volunteers #2, #3 and #4 chewed the capsule to trigger a faster limonene release, while #1
swallowed it whole, resulting in a slow release in the gut. (b) Scatter plot showing the
normalized limonene levels of all volunteers (sample size N = 40) as detected with the PTR-
ToF-MS and the detector.
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