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REVIEW ARTICLE

Breath Analysis by Secondary Electro-Spray Ionization - Mass Spectrometry to
Interrogate Biologically Significant Metabolites Non-Invasively

Francisco G. Blancoa and Guillermo Vidal-de-Miguelb

aBiological Research Center Margarita Salas, National Spanish Research Council, CIB-CSIC, Madrid, Spain; bFossiliontech, Madrid, Spain

ABSTRACT
There is an ever-growing interest in metabolomic profiling using noninvasive, real-time techniques
that avoid sample manipulation and are painless for the patients. In this context, breath analysis is
gaining much attention, and several ionization techniques have been developed to get insights in
real-time into metabolic status by analyzing breath through mass spectrometry, such as Proton
transfer reaction mass spectrometry (PTR-MS), Selected ion flow tube mass spectrometry (SIFT-MS),
and Secondary electrospray ionization mass spectrometry (SESI-MS). SESI-MS is the most recently
developed analytical platform displaying particular adequate characteristics for breath analysis,
such as the low detection limits, and the detection of low volatility species, which tend to present
a higher biological significance. Here, we review the SESI technology development, the different
SESI configurations developed, and the standardization procedures described to translate SESI into
the clinical environment. Finally, SESI main applications described in the literature with prompt
translation into the clinical environment, namely, biomarker discovery or pharmacokinetics and
drug monitoring are revised.
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1. Introduction

The noninvasive, real-time analysis approach will be crucial
when one needs to assess the short-time, stimuli-response,
or when frequent or continuous monitoring is needed (i.e.,
follow-up of chemotherapy treatments). Likewise, the avail-
ability of high-throughput techniques that provide the whole
picture of a patient’s metabolome will accelerate the early
diagnosis of severe diseases, having a positive impact on the
prognosis while reducing Public Healthcare costs. However,
current methodologies for metabolic monitoring in clinical
practice mainly rely on drawing blood, which is invasive,
painful, and only informative of the sampling moment.
Furthermore, its analysis still follows the paradigm of one-
at-a-time analysis, where only the pre-selected parameters
are studied, and only at the time of analysis.

The next revolution in Public Health is likely to come
with the development of personalized medicine. This refers
to the use of genetic or other biomarker information as
individual parameters to make clinical decisions, including
diagnosis, therapeutic choices, or dosage guidelines. For dec-
ades, the path toward this precision medicine has been
focused on the development of fast and inexpensive genome
sequencing platforms [1]. However, not every disease has a
genetic fingerprint. Neither the stage of the disease or the
pharmacokinetic profile can be inferred from genetic data
but this may be reflected in the individual’s metabolic status
[2]. We anticipate that the analysis of the metabolome will
play a crucial role in this revolution because it captures

dynamic processes that can reflect the current health state of
a person.

Among the available biofluids for noninvasive analysis,
breath stands out because it is the only one that is continu-
ously available in large amounts. Breath carries many metab-
olites, which can have either endogenous or an exogenous
origin (i.e., nitrosamines from tobacco, or menthol from
chewing gum).

Breath metabolites can be generated in the respiratory
tract, or have a systemic origin, passing to the breath
through the blood-air barrier. When blood reaches the
alveoli, metabolites cross the alveolar-capillary barrier in a
diffusion phenomenon dependent on several physicochemi-
cal factors (such as polarity, volatility, or Henry’s partition
constant), summarized in the blood-to-air partition coeffi-
cients. Therefore, exhaled breath carries the fingerprint of
systemic metabolic processes [3]. Whether metabolites com-
ing from symbiotic bacteria colonizing the gastrointestinal
tract or the mouth are considered endogenous or exogenous
is still a matter of interpretation. Nevertheless, this is rele-
vant when analyzing breath, as the production of some
metabolites, such as ethanol or ammonia, can be produced
by in-mouth bacteria and their signal differs in nose-mouth
exhalations [4].

Breath has been used for disease diagnosis since the
Antiquity. Socrates already reported the association between
different smells and health conditions, such as sweet smell
with diabetes or fishy smell associated with liver diseases. It
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took several centuries until a more scientific approach
toward breath was carried out by Lavoisier in the 1780s,
when he first described the composition of air as the reac-
tion of air (oxygen) to produce acid-forming air (carbon
dioxide) [5]. However, it was not until 1971 when modern
breath analysis was born, with Nobel Price Linus Pauling
analyzing frozen breath by gas chromatography, and demon-
strating its complex gas nature [6]. First efforts focused on
analyzing sampled breath by gas chromatography-mass spec-
trometry (GC-MS). Breath analysis by GC-MS is still an
ongoing effort. However, difficulties in sample handling (i.e.,
maintenance, avoiding thermal degradation or reactivity of
sampled gases), and struggles to produce chemical standards
to enable proper quantification have hindered this approach.
A more detailed in-depth revision of all available breath
analysis techniques can be found elsewhere [7].

Online breath analysis methodologies eliminate all issues
surrounding sample handling. Indeed, most of the very few
clinical tests based on breath use online breath analysis.
Despite the advantages of breath analysis, only a handful of
small molecules are routinely used, namely, acetone, nitric
oxide, hydrogen, and methane. Although their sensitivity
and specificity are far from ideal, these molecules are used
as biomarkers for diabetes [8], bronchial inflammation [9],
or bacterial infection [10].

Many efforts have been made to boost the number of
compounds that may be identified as well as to enhance the
detection limits to have a wider panoramic of the patient’s
metabolic status. In this sense, Mass Spectrometry (MS) is
currently the most powerful technique. One of the strengths
of using MS for breath analysis relies on the large number
of metabolites that can be processed (>500 in a single exhal-
ation), which allows for the generation of extensive libraries
of mass to charge features that can eventually lead to the
development of validated biomarkers for a certain condition.
To date, three different ionization techniques coupled to MS
have been applied for online breath analysis. By chrono-
logical order, they are: Selected Ion Flow Tube MS (SIFT-
MS) [11], Proton Transfer Reaction MS (PTR-MS) [12], and
Secondary Electro-Spray Ionization MS (SESI-MS) [13].

SIFT-MS is currently a well-established technique that
provides quantification capabilities with limits of detection
in the sub-pptv range [14]. Vapor analytes are introduced
into a flow tube, where they react with reagent ions, which
are produced in a microwave discharge and preselected
according to their mass in a first quadrupole. Then, the ana-
lyte ions enter the mass spectrometer, typically a quadrupole
[15]. The recent study by Tsou and colleagues illustrates the
power of SIFT-MS as a breath analysis technique. In this
study, they were able to analyze 116 different compounds
with mass to charge values ranging from m/z 16 to 204 that
were exhaled from lung cancer patients. By applying
machine learning algorithms and statistical analysis, they
found two groups of metabolites that enable the classifica-
tion of cancer cases from breath: one group (i.e., ethanol,
formic acid, ethanediol, methanol, acetone, butane, and hex-
ane) was highly present in cancer patients, and another
group of metabolites (i.e., benzoic acid, or b-caryophyllene)

was present in extremely low concentrations in healthy con-
trols [16].

PTR-MS is a semi-quantitative technique, and currently,
its limits of detection are in the pptv level [14]. The reagent
ions are mainly ionized water clusters produced in a hollow
cathode discharge. Vapor analytes and reagent ions are
mixed in a drift tube where the analyte gets ionized when it
collides with the ions. Subsequently, ions enter the mass
spectrometer, where they are analyzed [17]. One very recent
study on COVID-19 patients illustrates the power of PTR-
MS for breath analysis. The mass spectrum was acquired up
to 392m/z, with 81 features detected, and with the most
relevant features ranging from 98.08 to 143.15 (m/z). In this
study, the molecules related to COVID-19 acute respiratory
distress syndrome included ethylpent-2-enal, 2,4-octadiene
1-chloroheptane, and nonanal [18].

One important limitation of these techniques is that, even
though the limits of detection are fairly low, only molecules
with comparably very high vapor pressure are detectable.
This limits the size of the molecules that can be detected.
Some of the largest molecules detected by SIFT-MS and
PTR-MS include small alkanes, aldehydes, or ketones.

From a biological point of view, the larger a molecule is,
the more underlying metabolic information it carries.
Furthermore, larger molecules are more informative than
common small molecules from the central metabolism, as
they come from more specific metabolic pathways.
Detecting large molecules in the breath is challenging
because larger molecules tend to be less volatile, as indicated
by their vapor pressure (Vp). With a limit of detection in
the ppt range, a picomole of a metabolite diluted in a liter
of exhaled air should be easily detected (one liter a standard
volume for an exhalation). Metabolites with vapor pressures
as low as 10�12 Bar produce these concentrations in the
vapor phase, which means they should be theoretically
detected routinely. However, the minimum vapor pressure
that can be detected is orders of magnitude higher than this
theoretical limit. Some of the factors that explain this gap
include vapor condensation and vapor losses in the instru-
ment itself, and poor ionization efficiency for
larger molecules.

SESI - MS produces a cloud of reactant ions (mostly pro-
tonated water clusters) with a nano-electrospray. Ions are
mixed with the analyte vapors of interest in the spray plume
and the resulting ionized vapors are ingested and analyzed
by the mass spectrometer. At the technical level, one funda-
mental difference between SESI and PTR or SIFT is that
ionization in SESI takes place at a much higher pressure
(1000 mBar vs a few mBar). This results in better ionization
efficiencies for larger molecules. To illustrate this, the recent
study by Gisler and coworkers analyzes exhaled compounds
upon peppermint oil ingestion and detects 161 features in a
m/z range from 77.04 to 331.17 [19]. Furthermore, com-
bined with High-Resolution MS (HRMS) SESI-HRMS pro-
vides much detailed information. It allows for the separation
of isobaric compounds without the need for pre-separation
steps (like GC), and provides direct identification of molecu-
lar formulas and even fragmentation analysis. These features
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make SESI-HRMS a powerful tool for breath ana-
lysis research.

At the instrument level, the main challenge of mass spec-
trometry-based breath analysis is detecting large and rele-
vant biomarkers with low vapor pressures at minute
concentrations. Once molecules are ionized, mass spectrom-
etry is extremely sensitive to molecules as large as proteins.
Expanding the range of detectable molecular masses requires
improving the breath ionization step.

Once the engineering problem is solved, breath analysis
by MS presents two additional challenges: One is biological
and reflects the fact that breathing is a highly dynamic pro-
cess, which needs strong standardization procedures to
achieve repeatable results. The other one is statistical. As a
result of the huge number of metabolites identified by MS,
the risk of appearance of confounding variables that spuri-
ously correlate with the response desired to measure is high.
To avoid this, strong data analysis algorithms together with
biological contextualization are crucial.

In this review, we will focus on the development of SESI-
HRMS and the standardization operational procedures
implemented to improve the quality of the data, as well as
the already developed applications using this technique for
breath analysis. The data quality and data treatment proce-
dures, are beyond the scope of this review. For a more com-
prehensive view of that topic, readers can find information
elsewhere [7].

2. Sesi-HRMS, first principles in simple terms

SESI was discovered independently by the groups of Fenn
[20] and Hill [21]. Fenn found that traces of contaminants
in the gas of the regular electrospray configuration were effi-
ciently ionized by the cloud of ions formed by the electro-
spray. They hypothesized that this could be used to detect
volatile species at trace levels. Wu et al. were the first to
apply this concept and coined the name SESI. Briefly, SESI
utilizes a nano-electrospray to produce a cloud of reagent
ions. For breath analysis, the spray is usually acidified water
(typically with formic acid 0.1%, which produces ionized
water clusters), but other solutions have been used for other
applications. The reagent ions are mixed with the gas carry-
ing the analytes of interest, and that the charge is transferred
from the charging agents to the molecules [22].

In the early stage of development, several authors demon-
strated the potential of SESI-MS in different applications
using homemade non-optimized SESI sources. For instance,
Wu, H. Hill et al. used SESI to demonstrate its suitability
for detecting vapor traces of illicit drugs [21]. Sinues showed
that SESI could be used to detect volatiles of explosives [23],
and volatiles released by the human skin [24], and J. Hill
was able to characterize and differentiate bacterial cultures
with SESI-MS [25].

The first report using this technology for breath analysis
dates from 2007, when the group of Zenobi designed an ad
hoc instrumentation and used it to detect sulfur-containing
compounds in breath [13]. Almost simultaneously,
Martinez-Lozano published a similar article showing the

application of SESI to analyze the content of trace metabo-
lites in breath [26, 27]. Since then, different families of mol-
ecules have been detected and confirmed in breath, such as
amino acids [28, 29], fatty acids [30, 31], aldehydes [32, 33],
and several types of drugs [34, 35].

Following the studies demonstrating that SESI was par-
ticularly powerful at ionizing very large molecules, several
studies and publications aimed at understanding the ioniza-
tion mechanism. One of the earliest mechanistic findings
was that ionization efficiency is greatly enhanced with sam-
ple humidity [22]. This sets breath as an ideal matrix for
analysis by SESI-MS because breath is a water-saturated
gas [36].

The linearity of the ion signal to vapor concentration was
soon demonstrated. This and the saturation limits were also
studied in detail by Vidal de Miguel [37]. This study also
provided numerical corrections to account for saturation
effects in complex matrices. This is how high concentrations
of a certain analyte compete for charging ions with lower
concentration analytes, thus reducing their ionization proba-
bilities. Interestingly, the metabolite coverage can be
enhanced by reducing these competition effects [39].SESI
can ionize volatile and semi-volatile molecules in complex
biological matrices such as breath or sweat [38]. As in other
chemical ionization systems, the ionization efficiency in
SESI is species-dependent. The parameters governing it were
modeled and validated by de la Mora [40], who also showed
that ionization efficiency is dominated by the counterbalanc-
ing effects of reaction kinetics and Coulombic repulsion.

Another topic of hot debate was whether the ionization
occurred through sample vapor to reagent droplet inter-
action or by simpler gas-phase ion-molecule interactions
[41]. In the first case, analytes would dissolve in the droplet
and would be re-emitted in the ion form as the droplet
evaporates (Fig 1a). In the second case, ionized water clus-
ters in the gas phase would collide with the analyte mole-
cules, also in the gas phase, transferring their charge (Fig
1b). Today, the debate over the nature of the reagent agent
is closed. As modern SESI ionization sources operate near
the boiling point of the electrospray solvent, electrospray
droplets evaporate extremely quickly and reagent agents
reach the thermodynamic equilibrium in the close vicinity
of the electrospray, whereby they are primarily made of pro-
tonated water clusters. This result was anticipated theoretic-
ally and confirmed experimentally [42].

Compared to SIFT-MS and PTR-MS, SESI-HRMS is par-
ticularly sensitive to large and low volatility metabolites,
with a huge difference of up to three orders of magnitude.
This gap sparked a second debate: whether the analytes
detected by SESI are in the vapor phase (a substance in the
gas phase at a lower temperature than its critical tempera-
ture) or the aerosol phase (a suspension of solid or liquid
particles within a gas).

One argument in favor of the aerosol hypothesis is that,
with such a low vapor pressure, molecules must all be con-
densed forming aerosols. These aerosols would not be ion-
ized in the low-pressure ionization tubes of SIFT and PTR
because they would be lost to the walls due to inertial effects
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when moving from the ambient pressure inlet to the low
pressure ionization chamber. In contrast, because the SESI
operates at atmospheric pressure, inertial effects would be
much smaller, and aerosols would have a greater opportun-
ity to be ionized and desolvated.

A counterargument in favor of the vapor hypothesis is
that vapors in SESI are ionized before they expand from
atmospheric pressure into the low-pressure side of the mass
spectrometer. In this expansion, the gas and the vapors are
adiabatically cooled down to very low temperatures (well
below 0 �C) and this cooling is responsible for substantial
losses. Because SESI ionizes vapors before this cooling, it is
immune to these losses. Instead, molecules pass through this
expansion already ionized, which means electric fields con-
fine and heat the ions to prevent such losses. This would
explain why SESI detects much larger molecules without the
need for the aerosol hypothesis.

Furthermore, an experiment in which an aerosol filter is
placed before the inlet to the SESI shows that, even if the
aerosols are eliminated by the filter, SESI is still capable of
detecting low volatility vapors [32]. One could argue that
this is the final test in favor of the vapor hypothesis, but the
solution is not that simple. At the minute concentrations
that are detectable, the aerosols are extremely small. Indeed,
they are often called ’clusters’ rather than droplets or

particles because, in contrast with a droplet, in a cluster
aerosol, individual molecules are not substantially smaller
than the aggregate. These small aerosols are continuously
evaporating and vapors are continuously re-condensing to
form new particles. To cut a long story short, the aerosol
and the vapor phases coexist in a dynamic equilibrium.
When a stream of nano-aerosols and vapors encounter a fil-
ter, particles are retained, and a fraction of vapors pass
through the filter. However, particles captured by the filter
evaporate and, if the flow persists, they eventually cross the
filter. After the filter, the vapors recondense to form new
particles so that the aerosol-vapor equilibrium is
reestablished.

On the other hand, a recent study showing the detection
of venlafaxine in-breath shows that molecules with
extremely low vapor pressure are detectable with SESI, but
they are virtually eliminated if a filter is placed at the inlet
of the analyzer [35]. The conclusion is that both the aerosol
and the vapor hypothesis are correct for certain molecules,
and the mixed hypothesis is also correct for other analytes.
SESI can indeed detect vapors with very low vapor pres-
sures, small aerosols, and molecules that fall in a dynamic
equilibrium between the vapor and the aerosol phases.

The fact that SESI operates at atmospheric pressure is a
key characteristic that results in three main advantages:

Figure 1. Proposed SESI ionization mechanisms of a generic molecule. A) Vapor-droplet interaction. B) Gas-phase ion-molecule interactions.
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Firstly, it decouples the ionization step from the analyzer.
As the source doesn’t operate at vacuum, it can be
assembled with different commercial mass spectrometers,
which enables the use of the best mass spectrometers.
Considering the disparity in performances offered by the
different types of instruments and architectures, this is a
substantial advantage. For instance, in the high-resolution
category, Time of Flight MS normally provides resolutions
as high as 20,000 [43], while Orbitrap routinely provides a
resolution of 400,000 (twenty times more) [44].

Secondly, operating at atmospheric pressure provides
much higher ionization efficiencies as compared to vacuum
operating systems (where the ionization efficiency is defined
as the ratio of ions generated to neutral molecules entering
the ionization chamber). This is because the reagent to ana-
lyte charge transfer reaction rate is proportional to the con-
centrations of analytes and ionizing reagent, which are both
proportional to the pressure in the ionizer. Following the
reaction kinetics formula, this results in the speed of the
reaction scaling with the square of the pressure. To illustrate
in numbers, by changing the pressure from 10 mBar to 1000
mBar, the reaction rate becomes 10,000 times higher.

And thirdly, losses of molecules in the transition from
atmospheric pressure to the vacuum of the mass spectrom-
eter are much lower in SESI because vapors are ionized
before they transit the atmospheric to vacuum interface of
the mass spectrometer, which undergoes substantial adia-
batic cooling.

Also important for MS data interpretation, is the low
fragmentation of the MS spectra obtained by SESI-HRMS, a
characteristic arising from the low energy-generated ions
(coming from a nano-electrospray at atmospheric pressure).

First home-made SESI configurations consisted of an
electrospray ionization source in which the sample gas was
forced to flow in front of the electrospray.

Since SESI ion outcome is concentration-dependent, a
first effort to further enhance the ionization efficiency of
SESI ionization sources was based on the idea of reducing
the required sample flow to reduce dilution while uprising
the ionic flow toward de analyzer. This configuration was
named ’Low-Flow SESI’, and it was first tested in combin-
ation with a planar Differential Mobility Analyzer and a tri-
ple quadrupole mass spectrometer specifically designed to
detect traces of explosives [45]. A set of electrodes and
plates was used to guide the flows and the ions from the
ionization region to the inlet of the analyzer. Ions formed in

the ionization chamber were directed through a slit by the
fields produced by the electrospray itself and the focusing
electrodes (Fig 2a). The gas was evacuated preventing mix-
ing and dilution. Meanwhile, ions were finally directed to
the analyzer using the electric fields produced between the
ionizer and the inlet of the mass spectrometer. Compared
with previous homemade sources, this configuration
enhanced the ionization efficiency by a factor of 50-100
(depending on the explosive tested).

Following this development, a second prototype was
designed using the same principles, but this time the source
was coupled directly to a High-Resolution Mass
Spectrometer for the goal of analyzing breath [37, 46]. This
set-up was numerically optimized, and the high ionization
efficiencies provided by the system expanded the coverage of
metabolites detected in the breath [33]. This source greatly
improved ionization efficiency, but its complex internal
geometry made it vulnerable to contamination.
Accumulation of contaminant vapors in the internal electro-
des and separation insulators caused memory effects (signal
output due to a previous exposition that lasts when the sam-
ple is removed) and higher background signal (signal output
when a blank is measured), which deteriorate the actual
limit of detection over time of use.

To solve this, the third generation of SESI ionizers was
designed by Vidal de Miguel, this time without electrodes.
This was achieved via a very careful design of the fluids
dynamics in the ionization region. Where the former config-
uration prevented flow mixing and dilution with a separat-
ing electrode, the new configuration removes the electrode
and simply ensures that the flows circulate smoothly so that
they don’t mix even when they are flowing side by side.
Where the previous design pushed the ions with electric
fields produced by the electrodes, the new configuration
relies solely on the field produced by the spray, and the
flows induced by the spray itself and the incoming flows.
The key to this design was the development of an improved
numerical model implementing the exchange of kinetic
momentum between the ions and neutral gases. The friction
between the moving ions and the surrounding gas induces
the formation of a toroidal vortex. The new geometry stabil-
izes this vortex to ensure low turbulence and uses it as a
conveyor belt to push the analyte vapors into the ionization
region and the ions to the mass spectrometer. The ioniza-
tion efficiency of the new electrode-less SESI configuration
(commercially known as SUPER SESI) [47] (Fig 2c), was

Figure 2. Development of SESI-MS configurations. A) homemade SESI-MS configuration. B) low-flow SESI configuration C) Electrodeless-SESI-MS configuration.
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similar to that of the previous Low-Flow configuration. The
key improvement in terms of performance was linked to the
background levels. By removing the internal electrodes, the
overall exposed area was much reduced. Deposition of con-
taminant species was proportionally reduced, thus memory
effects and background levels were also reduced. This
improved limits of detection, which were more consistent
over time. Other additional measures to reduce chemical
noise include coating the ionizer and sampling line with
inert silica, continuously flushing the electrospray region
with nitrogen passed through an embedded activated char-
coal filter. Finally, the configuration was made easy-to-clean
so that eventually appearing memory effects could be con-
veniently removed.

The high sensitivity reached with mature SESI ionization
sources raised the number of detected low volatility species.
In this context, higher resolution mass spectrometers
become a necessity to resolve untargeted metabolomics spec-
tra with many species detected. SESI-MS has a dynamic
range of 105 that allows up to 10.000 peaks to be detected in
a single exhalation with high-resolution mass spectrometry.
Typically SESI-MS detected m/z events are in the order of
100-500Da Mw, with Vapor pressures as low as 10�7 Bar,
although recent studies show that analytes with lower Vp
are indeed detected [35].

3. Standardization

Detecting as many metabolites as possible increases the
probability of capturing relevant biomarkers, but the quality
of the data is as important for machine learning algorithms
to extract meaningful information.

The common purpose of a breath biomarker discovery
project is to identify what features change in the disease ver-
sus the controls and other diseases. For this, variations
caused by the disease have to stand out above other sources
of variation, like interpersonal variations, technology varia-
tions, and so on. So what are the main sources of variation,
and how can they be reduced so that biomarkers can stand
out of the noise?

The technical variability of the measurements was much
resolved with the advent of commercial SESI ionization
sources (Super SESI, by Fossiliontech, Madrid, Spain), that
are optimized and coupled with different Orbitrap High-
Resolution Mass Spectrometers (Thermo Fisher Scientific,
Bremen, Germany). The elimination of all sample manipula-
tion steps in SESI-HRMS greatly facilitates work.
Furthermore, the seamless integration between the source
and the mass spectrometer, and all the means integrated by
default to reduce background levels and to automatically
clean the vapor pathway in between exhalations greatly
reduce the risk of introducing spurious signals. The tech-
nical variability of the Super SESI- Orbitrap set-up was
assessed by using a gas standard of b-pinene [32]. b-pinene
was infused at a concentration of 92.7 ppb. The coefficient
of variation (CV) over an hour of continuous feeding to the
system was 2.3%.

The variation within a person and the differences
between persons were assessed by Singh et al 2019, who also
proposed a first Standard operational Procedure (SoP) to
minimize undesired sources of signal variability.

Ideally, the input for machine learning algorithms is a set
of numbers, where each number represents the concentra-
tion of a metabolite in breath. However, the chemical com-
position of breath is very dynamic. This is better illustrated
with the concentration of CO2, which is represented by a
profile (the capnography profile). The capnography profile
curve is shaped like a fin, where the initial concentration is
low and then it rises progressively because the exchange of
CO2 is more efficient in the deeper parts of the lung and
almost negligible in the upper airways. Many other metabo-
lites exchanged primarily in the alveolar section show a
similar figure. For the metabolites that are exchanged in the
upper airways, the profile is reversed. It peaks at the begin-
ning of the exhalation and then plateaus as air in the deeper
part of the lung is exhaled. The amount of CO2 also
depends on how heavily the subject is breathing. The lung
clears CO2 more efficiently simply by breathing deeper and
faster. We all experience this routinely when we make a
physical effort. The same applies to other metabolites.
Hopefully, the reader will already see that for the question
’What is the concentration of metabolite X in the breath of
subject Y?’ to have a valid response, at least two constraints
have to be specified: (i) in what fraction of the exhalation?
And (ii) for what type of breathing pattern?

The first aspect is addressed by measuring the CO2 pro-
file and other metabolites simultaneously. The CO2 profile
indicates the origin of the breath. Thus, low CO2 concentra-
tion means upper airways, and high CO2 concentration is
linked to the alveolar fraction. The number required by
machine learning algorithms is defined as the average signal
produced by metabolite X during the fraction of the exhal-
ation defined by a range of CO2 concentration of interest.
As for the breathing pattern, this has been addressed by
measuring the exhaled flow rate, providing visual feedback
that indicates how hard the subject is exhaling and asking
the subjects to exhale at a fixed flow rate. The Exhalion
interface (Fossiliontech, Madrid, Spain) was designed to
address this by assisting the exhalation maneuver. By look-
ing at the visual clue provided by the Exhalion, subjects can
self-regulate their exhalation and provide regular exhalations
at predefined intervals, with controlled flow rate and total
exhaled volume. This means all exhalations are equal. The
Exhalion interface was tested by Singh et al. Guided exhala-
tions show no significant variations in the CO2 levels, which
suggests that not hyperventilation occurs during this guided
maneuver as compared with conventional spirometry [48].
No significant differences in intensity of the m/z events were
observed in the range of exhaled flow rates, (9.8 L min�1 to
12 L min�1) [32]. The introduction of an antibacterial spir-
ometry filter in the mouthpiece showed only a small bias
toward lower intensities of volatile compounds when using
the filter [32], The filter is important because it is a com-
mon practice in spirometry analysis to prevent cross infec-
tion between patients.
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Using a set-up that combines the Exhalion interface
coupled to the SESI-HRMS (Fig 3), the repeatability and
reproducibility of breath analysis was assessed during one
month with four different subjects, targeting a family of
aldehydes, hypothetical biomarkers of oxidative stress. To
extract scalar values for each metabolite and each exhalation,
the signals measured by the MS in real-time were averaged
over the time for which CO2 concentration was above 3% to
focus on the lower alveolar fraction of the exhalation. Once
the breathing pattern was fixed (with the aid of Exhalion),
the signals for the consecutive exhalations showed a decay
for short-chain aldehydes that reached a steady-state after
several exhalation maneuvers, whereas long-chain aldehydes
showed a steady-state from the beginning [32]. This pattern
was attributed to the fact that some metabolites are
exchanged in the upper airways and others come from the
alveolar fraction. Interestingly, after no more than six exha-
lations, all signals had reached the steady-state. (Fig 4).
Once this effect was eliminated, the steady-state level led to
a small intraindividual CV of 6.7% which was much lower
than the interindividual variation (48%). The fact that tech-
nical and individual variations are smaller than interindivid-
ual variation suggests that the system and the proposed SoP
are indeed capturing the biological variability [32].

4. Applications

4.1. Pharmacokinetics

Pharmacokinetics (PK) are key parameters for drug
approval. Nevertheless, current methodologies for PK deter-
mination still rely on intermittent plasma sampling. Thus,
the time resolution of drug pharmacokinetics is limited by
sampling, while the preparation of samples for subsequent
MS analysis would be time-consuming. Besides, current
methods involve animal sacrifice. In this context, detection
of drug concentrations in breath has emerged as a promis-
ing tool, as it is a noninvasive approach that can follow
metabolic changes in real-time. Moreover, this noninvasive

approach allows following kinetics in the same individual,
avoiding inter-individual variability. This would allow better
analysis of dosage and time-of-day administration, the so-
called therapeutic drug monitoring. Finally, the probability
of introducing confounding variables decreases dramatically
when following metabolites exogenously introduced such as
drugs and their metabolization products.

In a first study carried out by Li and colleagues,
Ketamine (237.72 g mol�1, 6.86� 10�8 Bar), an anesthetic
and analgesic drug, and its related metabolites were followed
by SESI-MS in rats [34]. They were monitored with a time
resolution of 10 s, and the PK profile exhibited, greatly cor-
related with reported values for organs in the literature
while half-life correlated with plasma values. Likewise,
Sinues et al., used SESI-MS to follow Ketamine metabolites
and their circadian rhythms after different administration
times to evaluate time-of-day influence in drug PK [34]. The
study showed differences in metabolism kinetics between
morning and evening injections, suggesting administration
guidelines as a critical factor for drug effectiveness. Later,
salbutamol (239.31 g mol�1 1.18� 10�11 Bar) a bronchodila-
tor drug, was followed by SESI-MS in a study comparing
drug against placebo administered patients [49]. More than
a hundred metabolites were observed only in salbutamol

Figure 3. Instrumentation for Breath analysis by SESI-MS. The Exhalion interface
connected to a Super SESI, and coupled to an Q-Extractive mass analyzer.

Figure 4. Exhalation profile of different length chain aldehydes showing a
chain length-dependent decay of signal intensity over time within different
exhalations. Short-chain aldehyde signals reach a steady state after 5 exhala-
tions, while long-chain aldehyde signals show a steady-state from the begin-
ning. Reproduced with permission from Singh et al., 2019.
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administered patients that did not appear in placebo takers.
Changes in intensity of some families of compounds corre-
lated with plasma obtained data. Furthermore, variations
among salbutamol subjects were found, which reflects the
differences in drug PK patterns. This study showed the
potential of SESI-MS for drug monitoring, although the
need for high-resolution MS was necessary for unambigu-
ously drug detection, highlighting the need to couple MS
with HRSM. More recently, in an effort to create benchmark
data to standardize Breath analysis, peppermint has been
established as the workhorse for studies in the framework of
a consortium set up by the International Association of
Breath Research. The first study with two independent sub-
jects, analyzed with independent equipment, revealed that,
other than the four major compounds detected with other
techniques, other 57 metabolites were associated with con-
sumption of peppermint capsules. Results outlined the com-
parability of spectra obtained by SESI-MS [19]. In another
study, ten subjects that had ingested peppermint oil capsules
were followed with SESI-MS at six different time points.
The study characterized intrasubject technical variation
(18%) and biological variation (34%), both lower than inter-
subject variability. Pathways related to limonene metabolism
were positively characterized [50]. These pioneering studies
show the potential of SESI-MS for PK profiling.

Virtually any drug would need an individualized therapy
to optimal balance therapeutic efficacy with side effects.
However, there are some groups of drugs that, due to their
clinical specificities, we consider them as priority targets for
Breath analysis.

For example, immunosuppressants, that are essential for
successful organ transplantation and autoimmune disorders
treatment. However, attention must be paid to dosage in
order to avoid side effects of immunosuppression such as
infection or malignancy [51]. Many of these drugs such as
azathioprine or cyclosporine, have Mw and Vp (Table 1)
within the range of detectability of SESI-MS. Another cur-
rently important group of immunosuppressants in the clinic,
monoclonal antibodies, are not reported in Table 1, as their
large size (proteins) makes them unlikely to cross the blood-
air barrier and to be detected in breath.

Major depression and other mental disorders are among
the most prevalent conditions in Europe and the USA [52].
Subsequently, there is a dramatic rinse in psychoactive drug
prescription and consumption. Current methods of dosage
determination often rely on trial-and-error approaches.
Thus, more objective data-based clinical decision-making
would better personalize therapies. Again, many of the drugs
belonging to this group such as anxiolytics (i.e., chloraze-
pam), stimulants (i.e., methylphenidate for attention deficit
hyperactivity disorders), or antipsychotics (i.e., chlorpromaz-
ine for schizophrenia) are potential targets for SESI-MS, as
shown by their Mw and Vp values (Table 1). Highlighting
this interest, in a recent work by Chen and coworkers, non-
volatile Venlafaxine (VEN) (277.4 g mol�1, 3.28� 10�10

Bar), a commonly used antidepressant drug, was first
reported to be detected in breath after intraperitoneal injec-
tion in mice [35]. The therapeutic monitoring of this drug is

important, as large interindividual differences in treatment
effectiveness are reported. Similarly to what was described
for Ketamine by the mentioned study by Li et al., VEN val-
ues of half-life in breath agreed with plasma values
(57.9min vs 58.1min), although the time of peak concentra-
tion showed a 17min delay.

Finally, chemotherapy monitoring in cancer patients is
essential to minimize its strong side effects. Moreover, many
chemotherapeutic drugs have large interindividual variability
due to genetic and metabolic factors [53]. However, individ-
ual dosage adjustment is not a common practice and would
involve invasive monitoring in serum. Thus, this is a rele-
vant niche for drug monitoring by Breath analysis by SESI-
MS. Potential chemotherapeutic candidates by Mw and Vp
are indicated in Table 1.

Although the vapor pressure of some of the drugs shown
in Table 1 lie below the Vp of vapors described to be
detected with SESI-MS up to date (10�7 Bar), the rapid
interconversion between nanoaerosol condensates and
vapors (see section 2) might explain why they could
be detectable.

4.2. Biomarker discovery

A straightforward application of metabolomic studies is bio-
marker discovery, through the association of certain detected
metabolites with certain medical conditions. Indeed, a tech-
nology performing real-time, noninvasive diagnostics would
be budget-saving and would greatly impact health services.
However, several bottlenecks prevent breath analysis transi-
tion to clinical practice. Breath is highly affected by lifestyle,
which is an uncontrollable variable. Then, there is a differ-
ence between in vitro discovery and in vivo diagnostics (Lan
et al., 2020). The chances of getting confounding variables
when analyzing endogenous metabolites that can be affected
by many other biological variables are high. Some strategies
to avoid this involve looking for families of related metabo-
lites or full metabolic pathways that have an underlying bio-
logical meaning. Other strategies involve restricting the
dataset, i.e., by setting higher intensity thresholds or select-
ing signals present in various subjects. In any case, strong
statistical analysis and data management are needed to prop-
erly validate a biomarker. Another crucial characteristic of
biomarkers is that they should be quantifiable as, often, clin-
ical decisions are based on range values for a certain metab-
olite. However, quantification remains challenging for SESI-
MS, although it is still possible through the use of calibra-
tion curves for a given MS analyte.

A standard study of untargeted metabolomics with SESI-
MS or biomarker discovery often involves: (1) the definition
of the biological question; (2) an exploratory investigation to
generate a first library of compounds; (3) the data treatment
and analysis of that library; (4) the validation of the data
obtained with new studies and biological contextualization;
and, (5) the development of quantitative assays, when pos-
sible [5]. For the last decade, efforts for biomarker discovery
with SESI-MS have focused mainly on three domains: detec-
tion of bacterial infection, the detection or prognosis of
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respiratory diseases, and, to a lesser extent, for cancer
identification.

Correct detection of bacterial infections is a crucial issue
in order to select an adequate antibiotic therapy. Current
methodologies for unambiguously identification still rely on
classical microbiologic tests (i.e., bacterial culture in the lab
for antibiotic resistance profiling), serological or genetic
methods which are time-consuming and delay early diagno-
sis [54]. Thus, a technique able to analyze high-throughput
samples and profile metabolites that can be compared with
volatile fingerprints of characterized microorganisms is very
convenient. It is possible to obtain in the laboratory libraries
of volatilomic data of different bacterial strains. The first
study in this sense was held by Zhu and Hill, who profiled

the volatiles coming from the headspace of bacterial cultures
compromising food-associated pathogens Staphylococcus
aureus, Salmonella typhimurium, and Escherichia coli (11
different strains) [55]. In this study, six characteristic peaks
common to E. coli strains were found, and peaks found
were used to properly classify bacterial populations in study
samples. Bacterial pneumonia is a leading cause of mortality
in children. Successful treatment relies on proper pathogenic
bacterial identification, which can be often mislead due to
the variety of bacteria producing this condition
(Streptococcus pneumoniae, Haemophilus influenzae,
Kleibsiella pneumoniae, Moraxella catharralis, Pseudomonas
aeruginosa… ). SESI-MS was used in a murine lung infec-
tion model to detect seven different pneumonia-causing

Table1. Potential priority candidates for therapeutic monitoring by SESI-MS.

Drug Indication Mw (g mol-1) VP (Bar)

Inmunosuppresants
Corticosteroids
Prednisone Used in various endocrine, rheumatic, haematological, respiratory or

gastrointestinal conditions
358.42 4.7� 10-2

Budenosine Asthma, COPD, rhinitis, COVID-19 430.5 1.17� 10-17

Prednisolone Rheumatoid arthritis, dermatitis, eye inflammation, asthma, and
multiple sclerosis

1.57� 10-16

Inosine monophosphate deshydrogenase inhibitors
Mycophenolate mofetil Prevention of organ transplantation rejection. Crohn’s disease

and lupus
433.49 2.6� 10-2

Azathioprine Prevention of organ transplantation rejection. Reumatoid arthritis,
granulomatosis, Crohn’s disease, ulcerative colitis, and systemic
lupus erythematosus

277.26 3.34� 10-13

Leflunomide Rheumatoid arthritis and psoriatic arthritis 270.07 1� 10-9

Janus Kinase inhibitors
Tofacitimib Rheumatoid arthritis, psoriatic arthritis and ulcerative colitis 312.37 1.78� 10-13

Mental health
Anxiolytics
Chlorazepam Anticonvulsant and antiepileptic. Also used for panic attacks 315.7 9.75� 10-14

Diazepam Anxiety, seizures, alcohol withdrawal syndrome, syndrome, muscle
spasms and insomnia

284.7 3.7� 10-10

Venlafaxine Depression 277.4 3.28� 10-10

Stimulants
Methylphenidate Attention-deficit/hyperactivity disorder (ADHD) and narcolepsy 233.3 6.89� 10-9

Amphetamine Attention-deficit/hyperactivity disorder (ADHD) and narcolepsy 135.25 3.1� 10-4

Antipsychotics
Chlorpromazine Schizophrenia and bipolar disorder 318.86 5.17� 10-6

Haloperidol Schizophrenia, bipolar disorder, delirium, agitation, psychosis and
hallucinations in alcohol withdrawal

375.9 6.39� 10-14

Risperidone Schizophrenia and bipolar disorder 410.85 6.13� 10-14

Chemotherapeutics
Alkylating agents
Cisplatin Testicular cancer, ovarian cancer, cervical cancer, breast cancer,

bladder cancer, head and neck cancer, esophageal cancer, lung
cancer, mesothelioma, brain tumors and neuroblastoma

301.1 1.79� 10-8

Isofosfamide Testicular cancer, soft tissue sarcoma, osteosarcoma, bladder cancer,
small cell lung cancer, cervical cancer and ovarian cancer

261.08 3.99� 10-8

Bendamustine Chronic lymphocytic leukemia, multiple myeloma and non-
Hodgkin’s lymphoma

358.3 1.17� 10-14

Melphalan Multiple myeloma, ovarian cancer and melanoma 1.17� 10-13

Nitrosureas
Streptozocin Metastatic cancer of the pancreatic islet cells 265.2 4.98� 10-14

Carmustine Glioma, glioblastoma multiforme, multiple myeloma and lymphoma
(Hodgkin’s and non-Hodgkin)

214.05 3.8� 10-7

Fotemustine Metastasic melanoma 315.69 1.21� 10-9

Lomustine Brain tumors and Hodkin’s lymphoma 233.69 1.40� 10-8

Antimetabolites
5-fluorouracil Anal, breast, colorectal, esophageal, stomach, pancreatic and

skin cancers
130.07 3.57� 10-9

Mercaptopurine Acute lymphocytic leukemia and chronic myeloid leukemia. Also for
Crohn’s disease and ulcerative colitis

152.18 1.69� 10-11

Gemcitabine Testicular cancer, breast cancer, ovarian cancer, non-small cell lung
cancer, pancreatic cancer and bladder cancer

263.20 2.26� 10-12

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 9



bacteria [56]. The same approach was used to discriminate
in murine models among two main pathogenic bacteria (S.
aureus and P. aeruginosa). Results highlighted the import-
ance of using multiple events (m/z peaks) for unambigu-
ously identifying bacterial stains, which perfectly fits the
scope of SESI-MS [57]. More importantly, the same strategy
was used to profile cultures of methicillin-resistant S. aureus
(MRSA) a pathogen of major importance in clinical settings
[58]. Using the peaks (m/z events) obtained from bacterial
cultures, they were able to discriminate among methicillin-
sensitive S. aureus and MRSA infections. In summary, SESI-
MS has proven to positively identify bacterial infections in
vivo down to the strain level, as well as to identify anti-
microbial resistance of the bacterial population, when
matched with in vitro studied profiles.

Another group of diseases on which breath analysis by
SESI-MS has focused on in recent years are respiratory dis-
eases [59]. It seems logical that disorders affecting the
respiratory system may have a direct metabolic impact in
breath. This idea has been applied to chronic obstructive
pulmonary disease (COPD), a chronic inflammatory lung

disease that causes obstructed airflow from the lungs, diag-
nosis. In a matched cohort study comparing COPD patients
with healthy controls, 43 peaks (m/z events) were identified
to discriminate among both groups with accuracy, sensitiv-
ity, and specificity above 86% [60]. Exacerbations of COPD
is a signal of the need for treatment re-adjustment. SESI-MS
was used in a cohort study to find biomarkers predicting
such complications [61]. By fingerprinting patients with fre-
quent exacerbations against patients without them, a set of
biomarkers were found to be downregulated: fatty acids
belonging to the x-oxidation pathway and dicarboxylic
acids, related to an inflammatory response. Meanwhile,
another group, those related with nitro-aromatic metabolism
were found to be upregulated in patients with exacerbations.
The latter is indicative of airway inflammation due to
response to bacterial infection. This study showed the poten-
tial of SESI-MS for disease prognosis.

Cystic fibrosis is another relevant respiratory disease. It
has a genetic origin affecting chloride channels of lung epi-
thelial cell membranes, resulting in mucus accumulation in
the lung and airways that can eventually clog the lungs,

Table 2. Summary of studies reporting biomarkers on Breath analysis with SESI-MS.

Type of disease / Study summary Reference

Bacterial infection
First study reporting breath volatiles measured for P. aeruginosa PAO1, FRD1, and S. aureus RN450, as well as first comparison

of in vitro and in vivo volatile profiles using a murine infection model. SESI-MS detected peaks were able to differentiate
infected vs healthy mice, as well as discrimining among bacterial strains.

[67]

Detecting breathprints of bacterial lung infections (P. aeruginosa and S. aureus) that induce changes to the host’s breath
volatiles that are selective and specific predictors of the source of infection, even a time after infection recovery.

[68]

Study comparing the breathprints of seven different pneumonia-causing bacteria H. influenzae, K. pneumoniae, L. pneumophila,
M. catarrhalis, P. aeruginosa, S. aureus and S. pneumoniae. With a three principal components analysis with data from 14
peaks, all infections were identifiable in murine lung infection models.

[56]

Study characterizing the breathprint of P. aeruginosa and S. aureus lung infections in a murine model throughout 120 h. SESI-
MS was used to robustly classify acute P. aeruginosa and S. aureus mouse lung infections at any time during the 120 h
infection/clearance process. The study indicates that multiple peaks from the SESI-MS breathprints are required for
discriminating the bacterial infections, therefore suggesting the use of the entire breathprint rather than single biomarkers.

[57]

Study breathprinting murine infections with MRSA and methicillin-sensitive S. aureus. SESI-MS robustly identified isogenic strains
of MRSA and MSSA in the lung 24 h after bacterial inoculation. The predominant separation in the PCA was driven by shared
peaks, low-abundance peaks, and rare peaks, supporting the use of biomarker panels to enhance the sensitivity and
specificity of breath-based diagnostics.

[58]

The first study reporting the use of SESI-MS to fingerprint isogenic methicillin-susceptible and resistant S. aureus (MSSA and
MRSA) from bacterial cultures. MSSA and MRSA changed their metabolic profile among ampicillin addition to the culture,
suggesting SESI-MS as a platform for antibiotic treatment response monitoring.

[69]

CF
The first study to assess entire breath profiles of children (52 CF 49 healthy) with SESI-HRMS and to extract sets of VOCs

associated with CF. 171m/z features significantly associated with CF were found and the predictive ability of those
biomarkers showed an average sensitivity of 77.2% and specificity of 67.7%.

[70]

Prospective matched case-control study with adults (30 CF, 30 healthy). 49m/z features were significantly associated with CF.
The two most discriminating features showed 80% specificity and 63.3% sensitivity. Levels of oxidative stress metabolites
such as fatty acids were found to differ significantly between patients with CF and healthy controls. 11 features correlated
with the mucus concentration of Stenotrophomonas maltophilia bacteria.

[62]

COPD
A matched cohort study of COPD patients with frequent exacerbations (26 frequent exacerbators 26 no exhacerbators).

Metabolite levels from the x-oxidation pathway, namely x-hydroxy, x-oxo, and dicarboxylic acids, were consistently
decreased in frequent exacerbators. Several new nitro-aromatic metabolites, which were significantly increased in frequent
exacerbators, were identified.

[61]

Matched cohort study (22 COPD 14 healthy). Out of a set of 1441 features, 43 of them allowed discrimination between the two
groups with a sensitivity of 93% and specificity of 86%. The features were metabolites of oxidative stress that could be
biologically correlated with the underlying disease.

[60]

OSA
A study assessing the effects of continuous positive airway pressure withdrawal on exhaled breath pattern in OSA patients.

CPAP withdrawal led to a recurrence of OSA and a significant change in 62 exhaled features, from which 16 metabolites
were identified. This allowed differentiation between treated and untreated OSA with a sensitivity of 92.9% and a specificity
of 84.6%.

[71]

IPF
Matched case-control study (21 IPF 21 healthy controls). Significantly elevated levels of collagen-derived amino acids were

found in IPF patients, indicating progressing fibrosis. The presence of these amino acids in breath is proposed as a potential
biomarker for IPF, currently lacking any.

[64]
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while at the same time sets a proper environment for bacter-
ial infections comorbidities. Although the final diagnosis of
a genetic disorder will always need to be genetically tested,
SESI-MS has proved to effectively classify cystic fibrosis
patients from healthy controls based on 49 differential fea-
tures (m/z peaks) [62]. Also, early detection of disease com-
plications is crucial for in-time implementing of treatment.
This becomes even more important when dealing with chil-
dren cystic fibrosis patients. In a study carried out with 20
children (3-12 years old), 28 possible biomarkers previously
reported in the literature were found. More importantly, this
study showed the feasibility of breath analysis in children
from 3 years of age [63].

Other respiratory diseases studied by breath analysis with
SESI-MS include idiopathic pulmonary fibrosis (IPF), which
currently lacks an adequate method of diagnosis. Metabolic
markers indicating high lung tissue amino acids levels have
been proposed as biomarkers, and a recent study validated
that hypothesis in breath [64]. Also, Obstructive sleep apnea
(OSA), a respiratory disease with metabolic and cardiovascu-
lar complications was analyzed by SESI-MS. Currently, diag-
nosis relies on complicated polysomnography, and an
alternative biomarker-based diagnosis methodology would
greatly improve diagnosis rates and thus, treatment. In a
recent cohort study, 149 possible patients were subjected to
breath analysis by SESI-MS confirming metabolic differences
between healthy and OSA patients [65].

Finally, cancer is a disease for which we are always seek-
ing new early-stage biomarkers. Cancer prognosis as well as
the duration of the hard chemotherapeutic treatments is
improved with early detection. In a pioneering study by
Sinues et al., 14 breast cancer patient breath fingerprints
were compared with that of 11 healthy volunteers [66].
Supervised analysis of breath data identified a support vector
machine model with only 8 features (m/z peaks) that was
able to discriminate exhaled breath from breast cancer
patients, with sensitivity and specificity above 0.9, suggesting
breathprinting as a complementary approach for early detec-
tion of cancer.

5. Conclusions

In conclusion, SESI-MS provides a robust way for on-line,
real-time breath analysis. Its low limit of detection, as well
as low technical variability, suggests SESI-MS as a good ana-
lytical platform, although issues regarding quantification
remain to be solved. For the last decade, strong efforts have
worked on instrumental design and standardization, with
the final development of commercial devices. Likewise,
standardization of exhalation maneuvers and description of
standardizing protocols and analysis procedures pave the
way toward multi-center comparative studies and their final
translation into the clinical environment. Experimental data
show the potential of SESI for biomarker discovery, includ-
ing currently orphan diseases in terms of molecular diagnos-
tics. However, data treatment to avoid potential
confounding variables should be carefully addressed. On the
other hand, pharmacokinetics determination is suggested as

an ideal niche of application for SESI-MS, where the con-
tinuous detection of drugs and their metabolic related prod-
ucts, would enormously enhance current plasma-based
methodologies.
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