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Abstract: Real-time breath analysis by high-resolution mass spectrometry (HRMS) is a promising method to non-
invasively retrieve relevant biochemical information. In this work, we conducted a head-to-head comparison of 
two ionization techniques: Secondary electrospray ionization (SESI) and plasma ionization (PI), for the analysis 
of exhaled breath. Two commercially available SESI and PI sources were coupled to the same HRMS device 
to analyze breath of two healthy individuals in a longitudinal study. We analyzed 58 breath specimens in both 
platforms, leading to 2,209 and 2,296 features detected by SESI-HRMS and by PI-HRMS, respectively. 60% of all 
the mass spectral features were detected in both platforms. However, remarkable differences were noted in terms 
of the signal-to-noise ratio (S/N), whereby the median (interquartile range, IQR) S/N ratio for SESI-HRMS was 
115 (IQR = 408), whereas for PI-HRMS it was 5 (IQR = 5). Differences in the mass spectral profiles for the same 
samples make the inter-comparability of both techniques problematic. Overall, we conclude that both techniques 
are excellent for real-time breath analysis because of the very rich mass spectral fingerprints. However, further 
work is needed to fully understand the exact metabolic insights one can gather using each of these platforms. 
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22, and a 28-year-old male with BMI of 20.2) participated in this 
study. Each of them provided 58 breath samples over the course 
of two months (i.e. 29 samples for each ion source) with a weekly 
frequency of 1–5 measurements during working hours. Regarding 
the protocol, the participants were asked not to brush their teeth or 
eat or drink (except water), and not to use cosmetics and lipstick 
at least one hour before the measurement. In order to maximize 
the comparability between the two ion sources, the breath samples 
were provided nearly simultaneously (i.e. within ~40 minutes 
required to exchange sources and stabilization). Thus, parallel 
breath measurements were acquired in positive and negative ion 
mode for both ion sources and six replicate exhalations were 
provided for each ion mode. This study was approved by the 
Ethics Committee for Northwest/Central Switzerland (Analysis 
of Expired Breath by Secondary Electrospray Ionization-Mass 
Spectrometry (DOPAEx): a Pilot Study. Project ID: 2018-01324). 
All participants signed an informed consent form.

Prior to the breath measurements, the sensitivity of the 
instrument was checked with an external gas standard (α-terpinene 
at 100 ppb | Dalian Special Gases Co. Ltd, Dalian, China)[11] 
in the same cylinder for both platforms. Historical data on the 
same gas standard was used to confirm whether the instruments’ 
performance was within the expected range using the so-called 
Nelson rules in process control.[12]
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1. Introduction
Human breath contains a wealth of metabolic information 

with translational potential.[1] One success story in this context 
is fractional exhaled nitric oxide (FeNO), which is measured 
routinely to assess airway inflammation and to guide treatment 
therapy.[2] However, despite the obvious attractiveness of breath 
analysis, just a handful of clinical breath tests are available. For 
this reason, further research, instrumentation development and 
clinical validations are needed to fully exploit the potential of 
breath analysis. 

Secondary electrospray ionization – high-resolution mass 
spectrometry (SESI-HRMS) is a powerful tool for volatile organic 
compound analysis.[1,3] SESI-HRMS allows for real-time breath-
printing by detection of trace metabolites without any sample pre-
treatment. Regarding its ionization mechanism, it remains to be 
fully understood. However, atmospheric pressure gas-phase ion 
chemistry via ion switching plays a fundamental role.[4] 

Plasma ionization (PI), or so-called dielectric barrier discharge 
ionization (DBDI),[5] is also a real-time ionization technology. In 
terms of its sensitivity, it has shown absolute gas phase detection 
limits in the low ppt range, which is comparable to SESI.[6] 

The plasma is generated through a discharge of dielectric 
barrier, subsequently, the plasma ionizes water vapor present in 
the atmosphere to produce H

3
O+ and OH−, which in turn ionize 

the analytes in a soft way by proton transfer reaction. In addition, 
other reactive species (e.g. O+•, NO+, CO

2
+•, (H

2
O)H

3
O+, N

2
+•, N

2
H+ 

etc.) can be observed during the plasma ionization by introducing 
different discharge gases (e.g. air, CO

2
, humidified N

2
, etc.).[7]

While the virtues of SESI-HRMS for real-time breath analysis 
have been widely documented,[8] those of PI-HRMS remain largely 
to be evaluated.[9] In this paper, we make a contribution to this 
end by providing a head-to-head comparison between these two 
techniques. Our main goal was to understand to what extent both 
techniques can be complementary for real-time breath analysis. 

2. Methods

2.1 Mass Spectrometric Breath Measurements
This study took place at the University Children’s Hospital 

Basel following a similar procedure as described previously.[10] 

The mass spectrometric breath analysis platform consisted of a 
Q-Exactive Plus (Thermo Fisher Scientific, Germany) coupled to 
either a SESI source (SuperSESI, FIT, Spain; Fig. 1a) or a PI source 
(SICRIT, Plasmion, Germany; Fig. 1b). The instrumental settings 
for both sources were tuned as instructed by the commercial 
providers. 

PI: sampling line temperature 160°C; frequency 12,000 Hz; 
voltage 1.7 kV. 

SESI: Sampling line temperature 130°C; spray voltage 3.5 kV; 
electrospray reservoir pressure 1.3 bar; 20 µm capillary; mass 
flow controller set point 0.9 L/min. In addition, in the case of 
the SESI set-up, an interface detecting exhaled CO

2
 and pressure 

(Exhalion, FIT, Spain) was used upstream the SESI source. 
Two healthy individuals (a 22-year-old female with BMI of 

Fig. 1. Real-time breath analysis platforms. Schematic of SESI-HRMS (a) 
and PI-HRMS (b)
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protonated/deprotonated species for SESI and oxidated species 
for PI). The overlap found between both techniques was in the 
order of 60% (1,339 common features; Fig. 3). 

The next question we addressed was the signal to noise (S/N) 
ratio of the detected features. In this case, SESI showed a more 
satisfactory result (Fig. 4), whereby 99% of the 1,339 common 
features showed a S/N ratio ≥3 and 86% of them ≥10. In contrast, 
for PI, 79% of the common features had a S/N ratio ≥3 and just 
21% of them ≥10. The median (interquartile range, IQR) S/N ratio 

Fig. 3. Overlap of breath mass spectral features across platforms. 
A total of 2,206 features were detected by SESI-HRMS, and 2,296 
features by PI-HRMS, with 1,339 features among them detected by both 
instruments.

2.2 Data Analysis
Data analysis was pursued in a MATLAB (version 2020b, 

MathWorks Inc., USA) and C# environment. In brief, the MS raw 
files were accessed by in-house C# console apps based on Thermo 
Fisher Scientific’s RawFileReader (version 5.0.0.38). Time traces 
for each mass spectrometric feature were extracted. Exhalation 
events within each file were identified (i.e. six replicate exhalations 
per file) and the area under the curve (AUCs) during these time 
windows were integrated numerically. The background signal 
intensity was computed by integrating the area under the curve 
outside the exhalation events. AUCs were normalized by the width 
of the time window. Fig. S1 in the Supplementary Information 
shows an example of such time traces for the detection of one 
species in both SESI and PI set-up. The final signal intensity 
for each feature was computed using the mean AUC of the six 
replicates measurements. We further considered mass spectral 
features detected in at least 30% of the samples for each set of 
experiments done with SESI and PI. As a result, the SESI-HRMS 
data matrix contained 58 samples × 2,206 features and PI-HRMS, 
58 samples × 2,296 features. In order to symmetrize the data 
distribution, the data were fifth root transformed. 

3. Results and Discussion

3.1 Quality Control with Gas Standard 
Fig. 2 shows representative mass spectra of α-terpinene (C

10
H

16
) 

gas standard detected by PI-HRMS (top) and SESI-HRMS 
(bottom). The base peak of the latter is the [M+H]+ ion, which is 
typically the case of SESI ionization.[4,13] A labile molecule like 
this terpene leads to an in-source fragment at m/z 81.[14] Minor 
contributions of [M+OH]+ and [M+O

2
H]+ were also observed, 

suggesting that other ionization mechanisms may take place 
besides the noted ligand switching. In contrast, PI leads to the 
[M+OH]+ ion as base peak, followed by [M+H]+ at about 30% 
signal intensity of the base peak. PI is known to display a broad 
palette of gas-phase ion chemistry reactions. One plausible 
explanation for the formation of the dominant [M+OH]+ is that 
ambient CO

2
 becomes excited in the plasma to form the reactive 

species CO
2

+•. Under these conditions, the analytes undergo 
further oxidation to ultimately form [M+OH]+ ions.[15] The third 
most abundant peak was [C

10
H

15
]+. This is the [M-H]+ ion that can 

be produced by two different pathways:[15a] 1) by direct hydride 
abstraction reaction of the analyte (M) with CO

2
+• that produces 

[M-H]+ and CO
2
H•; or 2) by a water loss from the [M+OH]+ ion. 

Overall, the [M+H]+ signal intensity was approximately six times 
higher in SESI than in PI. This is one major advantage of SESI 
noted in this study as it favors mass spectral interpretability. 

We further investigated the reproducibility of both systems 
towards the gas standard at 100 ppb. To do so, we also calculated 
the coefficient of variation (CV) of the signal intensity of [M+H]+ 
α-terpinene with SESI-HRMS and the signal intensity of [M+OH]+ 
ion with PI-HRMS during the two months that the measurements 
lasted (14 data points in total, Fig. S2). We found excellent  
and similar CVs for both techniques (2.4% for SESI and 2.6% 
for PI). 

3.2 Real-time Breath Analysis
After the analysis of 58 breath samples from the two subjects, 

we found a similar number of mass spectral features for both 
techniques: 2,206 for SESI-HRMS, and 2,296 for PI-HRMS. Fig. 
S3 shows the mean (and 95% confidence interval) of the number of 
features as a function of m/z. The curve shape was similar for both 
methods with a steep rising in the numbers of features with masses 
below 300 Da (i.e. most volatile species) followed by slow growth 
for the heaviest species up to 1,000 Da. However, as indicated in 
Fig. 2, given the different nature of the ionization mechanisms, 
one should expect different features for a given species (i.e. 

Fig. 2. The same analyte leads to different mass spectra. Mass spectra 
of terpinene (C10H16) gas standard detected by PI-HRMS (top) and 
SESI-HRMS (bottom). The base peak of PI-HRMS is the [M+OH]+ ion, 
followed by [M+H]+ and [M-H]+ ions at about 30% signal intensity of the 
base peak. SESI-HRMS detected protonated [M+H]+ ion as base peak, 
and an in-source fragment at m/z 81. Minor contributions of [M+OH]+ 
and [M+O2H]+ were also observed.
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that such ions correspond to other metabolites (e.g. detected as 
[M+OH]+), as protonation is just one of the mechanisms by which 
PI leads to ionized species. In other words, the overlap at the m/z 
level does not imply an overlap at the molecule level. On the right-
hand side, one can observe complete series of highly oxygenated 
species such as C

n
H

2n–10
O

4
 and C

n
H

2n–10
O

5
 series detected only 

by PI-HRMS. Again, it is unclear at this point whether these 
correspond to unique metabolites detectable only by PI-HRMS, 
or just molecules detected as protonated ions by SESI-HRMS  
and as [M+O

x
H]+ by PI-HRMS. Fig. 6 highlights again the difficulty 

to intercompare both datasets if future metabolomics studies aim to 
use both techniques simultaneously in multicenter studies.

Another observed singularity was a cloud of ions detected 
only by SESI-HRMS in the upper-left area of the KDM plot 
(Fig. 6). No molecular formulae fulfilling ‘seven golden 
rules’[21] could be assigned to these features considering (de)
protonated molecules containing C, H, N or O. A total of 526 
features remained unassigned in positive mode, out of which 163 
features were found to have m/z below the nominal mass (e.g. 
m/z 134.9578), which tended to cluster together (e.g. clusters 2 
and 3 in Fig. 7). These features were present in 30–40% of all 
the SESI-HRMS samples and were detected in both individuals. 
To gather further insights into a plausible origin of such ions, 
we computed the pairwise correlation for all 526 ions detected in 
positive mode. Strikingly, 349 features had r ≥ 0.95 and clustered 
in 50 networks (Fig. 7). The largest network, network (1) in Fig. 7 
and Table S1, contained a staggering number of 190 features. 
Further analysis of the correlation networks suggests likely in-
source fragmentation, resulting in loss of CH

2
, CO, OH or H

2
O. 

For example, m/z 200.9129 in network 3 is probably produced by 
the loss of water from m/z 218.9234. Subsequent further water 
loss leads to m/z 200.9129 and m/z 182.9024. At the center of the 
network 3 are m/z 198.9122 and m/z 180.9016, which again differ 
by one H

2
O group. While the process leading to such redundant 

information remains unknown, it highlights the importance of 
interpreting SESI-HRMS spectra carefully. As noted recently, 
other important factors beyond the recognized gas-phase ligand 
switching mechanism may play a significant role.[4b,c]

Some other clusters can be simply assigned to isotopic 
features, which obviously display a high correlation. For 
example, cluster 6 corresponds to protonated benzothiazole,[22] 
whereby m/z 137.0209 corresponds to [C

7
H

6
N33S]+; m/z 137.0248 

corresponds to [C
6

13CH
6
N32S]+ and m/z 138.0173 corresponds to 

for SESI-HRMS was 115 (408), whereas for PI-HRMS was 5 (5). 
The poorer S/N ratio generally found for PI could be attributed 
to an overall higher background signal intensity. Whether this is 
due to the different ion chemistry, to a generally less VOC-free 
background curtain-gas or a combination of both is currently 
unknown.

Such disparity in the S/N ratios and gas-phase ion-molecule 
reactions led to very significant differences between the breath mass 
spectra for the same individuals. This is illustrated in Fig. 5, which 
shows a principal component analysis score plot of the breath mass 
spectra (common features only) for the two subjects as measured 
by SESI- and PI-HRMS. Clearly, the first score (explaining 47% 
of the variance) separates the two platforms. Moreover, the ion 
with the highest loadings was found to be a common laboratory 
contaminant[16] [C

16
H

52
O

8
NSi

8
]+ (polysiloxane, m/z 610.1827, 

[M+NH
4
]+; Fig. S4), which showed two orders of magnitude 

stronger intensity in PI-HRMS than SESI-HRMS. This clearly 
indicates that inter-comparability of the data in future clinical 
studies with both breath analysis platforms will be problematic. 

Principal component 2 suggests capturing inter-individual 
differences.[17] For example, the feature with the maximum 
loading in PC2 was [C

4
H

11
O

3
N

2
]− (m/z 135.0788, Fig. S5) and 

was found to be systematically more abundant for subject 2 in 
both platforms. 

In addition to these common features, we found nearly a 
thousand ions that were only detected by PI-HRMS or SESI-
HRMS. During the next phase of the analysis, we concentrated 
on this set of signals to better understand the differences between 
the two ion sources for real-time breath analysis. To this end, we 
used Kendrick mass defect (KMD)[18] plots and Van Krevelen 
diagrams[19] to gather further insights into whether specific 
families or homologous series could be covered by one technique 
but not by the other. 

The KMD plot of positive-odd m/z is shown in Fig. 6. 
It shows a broad overlapping region of homologous series 
(black dots), including 4-hydroxy-2-alkenals (C

n
H

2n–2
O

2
) and 

4-hydroxy-2,6-alkadienals (C
n
H

2n–4
O

2
).[20] Please note that these 

[M+H]+ assignments have been confirmed by SESI-HRMS, but 
not by PI-HRMS. In fact, as shown in Fig. 2, it could well be 

Fig. 4. SESI-HRMS shows a better off signal-to-noise (S/N) ratio. S/N 
ratio distribution of the 1,339 common features. Note the logarithmic 
scale. SESI-HRMS shows a more satisfactory result with a median S/N 
ratio of (IQR) 115 (408), whereas for PI-HRMS it was 5 (5). 

Fig. 5. Inter-platform comparability remains a challenge. PCA score plot 
of the two subjects by as measured by the two instruments (common 
features only). The clustering according to ion source along the first PC 
reveals a very different response towards the same samples. 
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Finally, in order to gain additional insights into the similarities 
and differences of the ions detected by the two techniques under 
investigation, we visualized the data using a van Krevelen diagram 
(Fig. S7). Briefly, all ions with an assigned elemental formula are 

Fig. 7. SESI-HRMS leads to 
series of highly correlating 
features of largely unknown 
origin. Correlation network (r > 
0.95) of 349 features without 
assigned molecular formula 
detected by SESI-HRMS. 
Common mass differences 
indicate losses of CH2, CO, OH 
and H2O, as well as carbon and 
sulfur isotopes.

Fig. 6. Insights into common 
and unique homologous series 
detected by PI- and SESI-
HRMS. Kendrick Mass Defect 
plot of positive-odd m/z. Orange 
dots denote the ions detected 
exclusively by PI-HRMS, blue 
dots by SESI-HRMS and the 
black dots are overlapping 
features detected by both. 

[C
7
H

6
N34S]+. A similar KMD picture emerged for the analysis of 

even positive masses and negative ion mode (Fig. S6), whereby 
both techniques show overlapping homologous series, as well 
as distinct features.
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projected onto two axes in the diagram according to its H/C, O/C 
atomic ratios. The H/C ratio separates compounds according to 
degree of saturation, whereas O/C ratios separate according to 
O classes. Several classes of previously identified metabolites 
were added to the diagram in different colors as reference com- 
pounds.[20,23] Most of them (except for amino acids) lie in the 
region H/C ≤2 and O/C ≤2. The figure reveals that a large fraction 
of the ions detected exclusively by PI-HRMS is distributed in this 
area, whereas those unique to SESI-HRMS tend to occupy the 
O/C ≤0.2 space. Regarding oxygen content, 92% of the PI-HRMS 
features contain at least one oxygen atom, while for SESI-HRMS 
this figure was 85%, consistent with the greater tendency of PI to 
generate oxidated species. 

4. Conclusion
We have compared for the first time the performance of two 

commercially available PI-HRMS and SESI-HRMS systems for 
real-time analysis of human breath. We conclude that both techniques 
are suitable to detect thousands of mass spectral features without any 
sample pre-treatment. Around 1,300 of these features were detected 
simultaneously by both techniques. We found that the S/N ratio for 
these features was overall substantially higher for SESI-HRMS. In 
addition, the overall analysis of this common set of features revealed 
a strong batch effect according to the platform used, indicating that 
the inter-comparability of data across platforms is problematic. 
The reason behind most likely lies in the very different ionization 
mechanisms of SESI and plasma, which for the same metabolites 
can lead to different ion species. While protonated/deprotonated 
species are common in SESI, PI can often lead to oxygenated species. 
Overall, we conclude that both platforms are most suitable for real-
time breath analysis studies, although further research is needed to 
fully understand what kind of metabolic insights one can obtain with 
both platforms and to what extent they are complementary.
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