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Abstract
Breath analysis by secondary electrospray ionization high-resolution mass spectrometry
(SESI-HRMS) has potential for clinical diagnosis and drug monitoring. However, there is still a
lack of benchmarking data that shows the capability of this technique and allows comparability
with other breath analysis techniques. In this regard, the goal of this study was the identification of
volatile compounds upon ingestion of a specific peppermint oil capsule to get benchmark data for
real-time breath analysis with SESI-HRMS. This was done in the framework of a consortium set up
by the International Association of Breath Research (IABR), aimed at comparing several analytical
instruments for breath analysis.

Breath temporal profiles of two subjects were analyzed with SESI-HRMS before and after
ingestion of a peppermint oil capsule. The measurements were performed at two different
locations using identical SESI-HRMS platforms to allow for comparability and benchmarking.
Remarkably, along with the four major compounds (monoterpenes/cineole, menthone,
menthofuran and menthol) reported by other members of the consortium, we detected 57
additional features significantly associated (ρ > 0.8) with the peppermint oil capsule, suggesting
that this relatively simple intervention might trigger a more complex metabolic cascade than
initially expected. This observation was made on both sites. Additional replicate experiments for
one of the subjects suggested that a core of 35–40 unique molecules are consistently detected in
exhaled breath upon ingestion of the capsule. In addition, we illustrate the analytical capabilities of
real-time SESI-HRMS/MS to assist in the identification of unknown compounds. The results
outlined herein showcase the performance of SESI-HRMS and enable comparison with other
breath analysis techniques. Along with that, they strengthen the potential of this analytical
technique for non-invasive drug monitoring and clinical diagnostic purposes.

1. Introduction

Breath analysis by mass spectrometry has promising
potential for clinical diagnosis and non-invasive drug
monitoring [1]. To date, several highly sensitive ana-
lytical techniques exist for the detection of volat-
ile organic compounds (VOCs) in exhaled breath.
These include gas chromatography-mass spectro-
metry (GC-MS) [2], proton-transfer-reaction mass

spectrometry (PTR-MS) [3], selected-ion flow-tube
mass spectrometry (SIFT-MS) [4] and ion mobility
spectrometry (IMS) [5]. Recently, secondary electro-
spray ionization high-resolution mass spectrometry
(SESI-HRMS) has evolved as a novel breath ana-
lysis technique. In contrast to PTR-MS and SIFT-MS,
ionization of gas-phase species in SESI-HRMS takes
place at atmospheric pressure [6], enabling its inter-
facing with commercial ultra-high-resolution mass
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spectrometers (Res > 100 000). This allows a great
deal of metabolic information to be captured in real-
time, as such high resolutions facilitate zooming-in
to minor species of low volatility that would other-
wise be buried under the MS peaks of the most volat-
ile (abundant) species [7, 8].

Despite the attractiveness of SESI-HRMS for
breath metabolomics, just a handful of research
groups are active in this field [9–17]. In order to
facilitate intergroup data comparison, a series of
instrumental upgrades and procedures to standard-
ize breath analysis by SESI-HRMS have been recently
developed [18]. Most relevant is the introduction of
an exhalation interface (Exhalion, FIT, Spain) allow-
ing real-time readout of critical exhalation paramet-
ers such as CO2, exhaled volume and exhalation flow
rate in parallel to the MS read-out. Additionally, dis-
posable bacterial filters are now used as standard
mouthpieces. Benchmarking data for breath analysis
with SESI-HRMS remain scarce, and across other
techniques data is even rarer. In order to address
this issue, we present data acquired at two different
sites incorporating these new gadgets and procedures.
Moreover, we do so under the umbrella of the so-
called ‘Peppermint Consortium’, which is a task force
created at the International Association of Breath
Research (IABR) aiming to benchmark the perform-
ances of different analytical instruments used for the
same intervention—VOCs of peppermint oil mon-
itored in exhaled breath after ingestion of a pepper-
mint oil capsule. Comparability among the different
instruments of all the participating research groups is
ensured by the use of peppermint oil capsules from
the same company and manufacturing batch.

2. Material andmethods

2.1. Subjects andmeasurement procedure
The experiments presented here were conducted in
accordancewith theDeclaration ofHelsinki. The pro-
tocol in this study was approved by the local Ethics
Committees (Ethics Committee for Northwest and
Central Switzerland 2018–01324; Ethics Commission
of ETH Zurich EK 2018-N-70). Two healthy female
subjects (26 years, 35 years) from two sites (ETH
Zurich andUniversity Children’s Hospital Basel) were
recruited and informed consent was obtained before
enrollment. In both sites a standardized protocol and
identical equipment was used. To reduce confound-
ing by species from exogenous origin other than
peppermint oil, the subjects were asked to fast and
abstain from chewing gum or brushing their teeth
for at least 1 h prior to the measurements. Both
subjects provided a baseline breath sample in pos-
itive and negative mode 30 min before ingestion of
a 200-mg peppermint oil capsule (Boots, Notting-
ham, UK). Subsequent breath samples (14 per sub-
ject) were measured at 0, 30, 60, 90, 165, 285 and
360 min after capsule ingestion. For each time point,

10 replicate exhalations were separately acquired in
positive and negative ionization mode. To reduce
variation in capsule thickness and concentration of
volatile compounds in the capsule, we used capsules
from the same batch (batch number 200 207) as other
research groups within the Peppermint Consortium.
Nonetheless, a small variability in the contents of the
capsules can be expected [19].

2.2. Instrumentation and chemicals
The analytical platform consisted of an exhalation
interface (Exhalion, FIT, Spain) for real-time dis-
play of CO2, flow rate and exhaled volume, and an
ion source (Super SESI, FIT, Spain) coupled to a
high-resolution mass spectrometer (Q-Exactive Plus,
Thermo Fisher Scientific, Germany). Commercially
available bacterial filters (MicroGard, Vyaire Med-
ical, USA) were used as mouthpieces. Mass spec-
tra were acquired in full scan mode over the mass
range m/z 70–400 with a resolution of 140 000 for
positive and 70 000 for negative mode at m/z 200.
MS settings included 2 microscans, automatic gain
control (AGC) target of 1 × 106 and maximum
injection time of 500 ms. Real-time SESI-HRMS/MS
fragmentation experiments of peppermint oil com-
pounds in breath and chemical standards were per-
formed using collision-induced dissociation (CID)
by varying normalized collision energy (15%, 20%,
30% and 50%). Similarity scores for MS/MS spec-
tra of breath vs chemical standards were computed
by calculating the cosine of the angle between the
two vectors (dot product divided by the product of
their lengths). Hence the score lies between 1 (max-
imum similarity) and 0 (minimum similarity). Addi-
tionally, in-source fragmentation patterns in full MS
mode were examined for several chemical stand-
ards of typical peppermint compounds. All chem-
ical standards were purchased from Sigma-Aldrich
(Merck) and had a purity ≥ 90% (Electronic Sup-
plementary Material (ESM) table S1, available at
stacks.iop.org/JBR/14/046001/mmedia).

For the electrospray formation, a 20-µm inner
diameter (ID) non-coated TaperTip silica capillary
emitter (New Objective, Woburn, MA) and 0.1%
formic acid in water were used. The Super SESI
solvent reservoir pressure was set to 1.3 bar. The tem-
perature of the ionization chamber was set to 90 ◦C
and the sampling line temperature was set to 130 ◦C.
The set point of the exhaust mass flow controller was
0.7 l/min and nitrogen mass flow through the source
was 0.4 l/min to ensure a constant fraction of breath
entering the ionizer (0.3 l/min).

2.3. Data analysis: pre-processing
Data pre-processing and statistical analyses were per-
formed using MATLAB (version 2019a and 2019b,
MathWorks Inc., USA). Briefly, raw data from the
MSwas converted tomzXML format withmsConvert
(ProteoWizard) [20]. Peaks with a signal intensity
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above 104 a.u. in Thermo’s signal intensity scale,
were selected for further analysis. Then, exhalation
time windows were defined by CO2 concentrations
above 3% (as measured by Exhalion). Subsequently,
the correlation coefficient of all ion time traces
with the CO2 time trace were computed. Ion sig-
nals with a correlation coefficient of at least 0.6 (i.e.
mirroring CO2) were considered breath-related and
used for the next steps. The area under the curve
(AUC) for each mass spectral feature during the
exhalation windows was computed using trapezoidal
numerical integration. These AUCs were then nor-
malized by the exhalation time and the 10 replic-
ate normalized AUCs for each feature were aver-
aged afterwards. For the final data matrix only fea-
tures present in at least 30% of the samples were
considered.

2.4. Data analysis: post-processing
Features with a typical washout profile were selected
by identifying those that correlatedwith themonoter-
pene ion (i.e. [C10H17]+). This ion has been shown
to be a clear washout product upon peppermint oil
ingestion [19, 21], and hencewas used as the reference
compound. Because the time traces could peak at dif-
ferent time points, they were previously aligned to the
monoterpene by computing the cross-correlations
between the pairs of signals and the monoterpene.
After alignment, Pearson’s linear correlation coef-
ficients (ρ) between all traces and terpene, along
with corresponding p-values were computed. Fur-
thermore, we estimated a positive false discovery rate
(FDR) for multiple hypothesis testing using the pro-
cedure introduced by Benjamini and Hochberg [22].
We then considered features with a correlation ρ> 0.8
and time-to-peak between 30–360 min after capsule
ingestion. Peaks before 30 min were not considered,
as they might be related to reflux of stomach gases
containing high levels of volatile compounds of pep-
permint oil [21]. Subsequently, we generatedmolecu-
lar formulae for this reduced list of ions mirroring
the typical washout profile of monoterpene. Based
on the accurate mass (typically within 1 ppm) and
considering the elements C, H, N and O, molecular
formulae were generated, using the so-called golden
rules [23]. Furthermore, we compared the theoretical
and experimental isotopic distributions to provide
further evidence on the accuracy of the molecu-
lar formula assignment. Isotopes were subsequently
removed from further analysis. Finally, according to
the literature that characterizes volatile compounds
of peppermint oil by GC-MS and PTR-MS, a list of
tentative compounds for observed features was gener-
ated [19, 24–26]. For two compounds of interest (i.e.
limonene-1,2-diol, p-cymene), we additionally con-
ducted SESI-HRMS/MS fragmentation experiments
of exhaled breath after intake of the peppermint oil
capsule and compared the spectra with the corres-
ponding chemical standard.

3. Results and discussion

The main goal of this study was to acquire bench-
marking data for real-time breath analysis with SESI-
HRMS. Following the recommendations of the IABR
Peppermint Consortium, the initial benchmarking
data that we present include the provision of a
reference on the number of features to be expec-
ted when conducting real-time chemical analysis via
SESI-Orbitrap. When applying the instrumentation
settings outlined above (most critical are resolution
and signal intensity threshold), one should expect to
detect for one individual around 550 features in pos-
itive mode in the mass range 70–400 (ESM figure
S1; resolution 140 000 and intensity threshold 104).
The negative ion mode mass spectrum is typically
less populated, with around 400 features to be expec-
ted (ESM figure S1: resolution 70 000 and intens-
ity threshold 104). Observations of significant lower
numbers of peaks in the breath mass spectra should
signify a warning. It is again worth noting that SESI-
HRMS has a unique ability to access in the order of
1000 mass spectral features in breath associated with
human metabolism.

3.1. Monitoring of four main components:
monoterpenes/cineole, menthone, menthofuran
andmenthol
Upon pre-processing of the raw data, we ended up
with a data matrix of 16 samples (2 subjects x 8 time
points) and 1408 features (904 features in positive
mode and 504 features in negative mode) that were
present in at least 30% of the breath samples. We ini-
tially performed a targeted approach by confirming
that the four main components detected by another
real-time mass spectrometric technique (i.e. PTR-
MS) can also be identifiedwith SESI-HRMS [19]. Fig-
ure 1(a) shows the washout profiles of the four com-
pounds (monoterpenes/cineole, menthone, mentho-
furan, menthol) for the two subjects. The profiles are
very similar to the ones already reported within the
consortium [19]. These findings serve as first evid-
ence that SESI-HRMS can provide comparable res-
ults to those of PTR-MS. Also, in-line with previous
observations [21], we observed an individual vari-
ability in the time-to-peak. For example, the max-
imum signal intensity for m/z 137.1325 [C10H17]+

in the subject at site 2 was approximately one hour
later than in the subject from site 1. The same delayed
time-to-peak could also be observed for a fragment of
menthol [C10H19]+ and menthone [C10H19O]+, but
not for menthofuran [C10H15O]+. The variability in
the washout profiles of exhaled volatile compounds
of peppermint oil may result from varying speed in
the capsule breakdown, absorption, age and BMI, but
might also reflect individual metabolism [19]. A sep-
arate tandem manuscript investigates this aspect in
depth in a larger cohort [29].
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Malásková et al [19] reported on additional fea-
tures assigned to fragments of monoterpenes/cineole,
menthone, menthofuran and menthol when analyz-
ing breath with PTR-MS. In-source fragmentation is
an undesired phenomenon as it adds complexity to
the spectra, compromising the interpretation of the
results. Electrospray ionization and its variants such
as SESI are regarded as gentle ionization methods
because they produce low ion excitation and hence
induce little or no fragmentation of the analyte. We
investigated in-source fragmentation of some relev-
ant compounds by analyzing in full-MS mode the
headspace of chemical standards. We observed vary-
ing degrees of fragmentation from labile molecules
such asα-pinene and limonene (bothmonoterpenes)
to no fragmentation at all for piperitone and pulegone
(ESM figures S2-S4).

3.2. Monitoring of other components
One of the main advantages of SESI-HRMS is its
capability to combine high sensitivity of electros-
pray ionization [6, 27] with resolutions in excess of
100 000. This allows for the detection of typically
~1000 mass spectral features per individual in each
experiment (ESM figure S1). For this reason, we fur-
ther exploredwhether additional signals related to the
peppermint oil capsule ingestion can be detected by
our method. To do so, we computed the pairwise cor-
relation coefficient (ρ) between each of the features
and the monoterpene ion [C10H17]+. One hundred
and sixty features correlated (ρ > 0.8; FDR < 0.057)
with this ion in the subject from site 1 (ESM table
S2) whereas 197 features were found to be correlated
(ρ> 0.8; FDR< 0.067) in the subject from site 2 (ESM
table S3). Out of the 160 and 197 features, 90 were
found in both subjects. This list was further reduced
to 60 features after deisotoping (table 1). Temporal
profiles for two examples of suchmolecules are shown
in figure 1(b). They correspond to [C10H19O2]+ and
[C10H15]+. In the next section we describe the ana-
lytical capabilities of our breath analysis platform to
identify these compounds. The majority of the fea-
tures were detected in positive ion mode (i.e. 47),
yet, more noteworthy is that 13 features were detec-
ted in negative ion mode. These are typically organic
acids undergoing deprotonation. The high number of
correlating features and the fact that some are detec-
ted in positive and some others in negative ion mode
(i.e. metabolites with diverse chemical functionalit-
ies), provides a first indication that the peppermint
oil consumption may induce a more complex meta-
bolic response than initially thought, based on ongo-
ing studies within the consortium. Further insights
on the origins and biochemistry of these metabol-
ites are presented in the accompanying paper from
Lan et al [29].

Similar to what has been observed for the four
main compounds of peppermint oil, we also found
quite a variation in time-to-peak between the two

subjects for the additionally identified features. Figure
2 shows that in both subjects the majority of features
peak between 30–165 min after capsule ingestion. In
general, it can be said that in the subject from site 1
most features peak earlier than in the subject from
site 2. In subject 1 most of the features peak at 60
and 90 min after capsule ingestion whereas in subject
2 the majority of the features peak at 90 min after
capsule ingestion but not before (figure 2 and ESM
figure S5). Overall, these results were further con-
firmed in a series of replicate experiments, whereby
one of the subjects repeated the experiment seven
times. Forty nine out of 61 features were consist-
ently detected within 1 ppm error. We also com-
puted the pairwise-correlation across the 49 features
for all replicate experiments (ESM figure S6 and the
last two columns of table 1). We found that 28 ions
did not correlate with any other ion (ρ < 0.95), pla-
cing a high confidence on these ions corresponding
to unique molecules. The remaining 21 ions cor-
related with each other in eight different clusters,
suggesting that these correspond to eight fairly labile
molecules undergoing in-source fragmentation. For
example, the correlation coefficient between m/z
177.1638 (i.e. C13H20) and 195.1743 (i.e. C13H22O)
was 0.9505. Such high correlation and their molecu-
lar formulae suggest that C13H20 is the result of a loss
of water of C13H22O (cluster ‘h’ in table 1) during
in-source fragmentation. This analysis leads us to
the conclusion that, after removing redundant fea-
tures such as isotopes and fragments, SESI-HRMS
breath analysis allows for the real-time monitor-
ing of 35–40 unique molecules during this inter-
vention. The temporal profiles of these molecules
across the additional replicate measurements were
largely reproducible, although some variability in
the time-to-peak was observed, suggesting that the
intra-subject variability is indeed non-negligible
(ESM figure S6).

3.3. Compound identification: isotopic
distribution, kendrick plots and collision induced
dissociation
One of the shortcomings of real-time analytical mass
spectrometric platforms is the remaining challenge in
compound identification, since no chromatographic
separations exist upstream. Hence, all the separation
power relies on the MS resolution. In the following
section, we describe the strategy developed to gain
more insights into the features reported in table 1 and
how they could potentially be linked to peppermint
oil ingestion.

The first step was to produce a list of feas-
ible molecular formulae that matched the experi-
mental mass within 1 ppm. In some cases, espe-
cially for masses larger than 100 Da, there can be
several candidate formulae, even within such a nar-
row mass error window. Therefore, we compared
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Figure 1. Secondary electrospray ionization high-resolution mass spectrometry (SESI-HRMS) detects previously reported
compounds, but also reveals unreported exhaled molecules upon peppermint oil intake. Temporal profiles of normalized signal
intensities: (a) typical peppermint compounds previously reported in breath as measured by other techniques [19]: [C10H17]+

(monoterpenes+ fragment of cineole), [C10H19]+ (fragment of menthol), [C10H15O]+ (menthofuran), [C10H19O]+

(menthone); (b) features detected in breath associated with peppermint oil ingestion newly reported in this work: [C10H19O2]+

(limonene-1,2-diol), [C10H15]+ (p-cymene).

Figure 2. Overview of the richness of the metabolic signature captured by SESI-HRMS upon peppermint oil ingestion. Temporal
profiles of features significantly correlating in at least one subject with time-to-peak at 60, 90 or 165 min after ingestion of the
peppermint oil capsule (m/z with a negative sign correspond to ions detected in negative ionization mode; colors are only meant
to ease visualization). (a) Most of the features (86 out of 161) in the subject from site 1 peak between 60 and 90 min after capsule
ingestion. (b) In subject 2, most of the observed features (103 out of 198) peak 90 min after capsule ingestion.

the theoretical isotopic distribution of the candid-
ate formulae with the measured mass spectra to nar-
row down the number of assigned formulae. Unless
otherwise indicated, all molecular formulae listed
in table 1 were obtained by combining their accur-
ate mass and matching with the theoretical isotopic

distribution, hence we place high confidence in these
assignments. In figure 3 we show an example: the
simulated isotopic distribution vs the experimental
isotopic distribution for themonoterpene ion and the
nearly perfect match of the peak location and peak
intensity.
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Figure 3.High mass accuracy and the detection of fine isotopic structures at ultra-high resolution enable unambiguous molecular
formula assignment of exhaled compounds. Simulated isotopic distributions (black) were compared against experimental
isotopic distributions (red) for the monoterpene ion. (a) Mass spectra of the protonated monoisotopic massm/z 137.1325
([C10H17]+). (b) Mass spectra of the 13 C and the deuterium 2 H isotopes, (c) Mass spectra of the even smaller isotopes
[C8

13C2H17]+ and [C9
13CH16

2 H]+ that are observable due to the high resolution.

Figure 4. Simplification of the high-resolution complexity and identification of metabolite homologous series associated with
peppermint oil metabolism. (a) Kendrick plot: Kendrick mass defect vs nominal Kendrick mass for odd-mass of all positive ions
(blue dots) and of positive ions significantly correlated (ρ > 0.8) with [C10H17]+ (red dots). (b) Similar washout profiles can be
observed in subject/site 1 for significantly (connecting lines with star) correlated features ([C6H11]+, [C8H15]+, [C10H19]+) and
non-significantly correlated features ([C7H13]+, [C9H17]+) belonging to the same homologous series.

Figure 5. Real-time SESI-MS/MS for compound identification. (a) MS/MS spectrum of chemical standard (blue) suggests that
m/z 171 observed in breath (red) is limonene-1,2-diol. (b) MS/MS spectrum of chemical standard (blue) suggests thatm/z 135
observed in breath (red) is p-cymene.

8
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To gain further insights into the relationships
across the features listed in table 1 and their poten-
tial role in the peppermint oil metabolism, we plot-
ted them using Kendrick’s mass defect [28]. Kendrick
plots assist in simplification of the complexity of
high-resolution mass spectra, as they allow for the
mapping and, in this case, localization of complete
families of metabolites. Figure 4(a) shows a zoom of a
Kendrick plot whereby homologous -CH2- series of
hydrocarbons with an increasing number of unsat-
urations are clearly observed (e.g. CnHn-2). Interest-
ingly, several series were found where a high num-
ber of features correlated significantly (ρ > 0.8)
with [C10H17]+ (i.e. had a washout-like profile),
for example [C6H11]+, [C8H15]+ and [C10H19]+

([C7H13]+ and [C9H17]+ correlated below the 0.8
threshold). This suggests that actually the complete
metabolism of compound classes can be monitored.
Figure 4(b) illustrates this by showing the time pro-
files of the CnHn-2 series for one subject. Clearly, all
the compounds in the series seem to be related to
the peppermint metabolism. However, it should be
noted that one limitation of SESI-HRMS is that it can-
not resolve isomers. The confirmation of the hypo-
thesis that these series of compounds actually relate
to the same chemical families, would require further
investigation.

Finally, we illustrated the compound identifica-
tion capabilities of SESI-HRMS by attempting the
identification of two compounds correlating with
[C10H17]+ by exploiting the SESI-HRMS/MS cap-
abilities of the Q-Exactive Plus mass spectrometer.
In particular, we concentrated on m/z 171.1379
and m/z 135.1168, which correspond to formulae
[C10H19O2]+ and [C10H15]+ (compounds shown in
figure 1(b)). We hypothesized that these compounds
correspond to limonene-1,2-diol (a metabolite of
limonene) and p-cymene (a minor volatile constitu-
ent of peppermint oil). We performedMS/MS exper-
iments on the pure chemical standards of these com-
pounds to compare the fragmentation patterns with
those obtained in breath. Figure 5(a) shows the CID
MS/MS spectrum ofm/z 171 (isolation window 1Da)
as exhaled in real-time compared to theMS/MS spec-
trum of the chemical standard of limonene-1,2-diol.
The similarity of the spectra (match score 0.73, where
1=max similarity; ESM table S4) supports the hypo-
thesis that the molecule could indeed be limonene-
1,2-diol. Figure 5(b) shows the CIDMS/MS spectrum
ofm/z 135 (isolationwindow1Da) that is very similar
to the spectrumof the chemical standard of p-cymene
(match score 0.78, ESM table S4). This increases our
confidence that the molecule we see in breath is actu-
ally p-cymene.

4. Conclusions

We have showcased the analytical capabilities of
SESI-HRMS/MS to monitor exhaled compounds in

real-time in the context of the ‘Peppermint Consor-
tium’. Key features of our analytical platform include
low limits of detection (ppt range), mass resolutions
in excess of 100 000, mass accuracies within 1 ppm,
the possibility of positive and negative mode ion-
ization and collision-induced dissociation capabilit-
ies [27]. Such outstanding analytical figures of merit
allowed us to unveil around 60 features (estimated
35–40 unique molecules) associated with pepper-
mint oil ingestion in two subjects, providing unpre-
cedented insights for the consortium. The accom-
panying manuscript of Lan et al [29] confirms that
most of these molecules are indeed detectable inmul-
tiple independent measurements of several subjects.
Some of them are thought to be linked to menthol
and limonene metabolism, for example cis/trans-
carveol and limonene-1,2-diol. Further comprehens-
ive characterization of the entire panel of the repor-
ted molecules is still required. However, we expect
that the reported accurate m/z values and associ-
ated molecular formulae will sufficiently enhance the
impact of the consortium on the provision of a com-
prehensive overview of metabolic changes triggered
by ingestion of peppermint oil capsule. Overall, the
results presented here reinforce the notion of the out-
standing potential of SESI-HRMS for non-invasive
drug-monitoring and clinical diagnostic purposes.
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