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Rationale: Secondary-electrospray ionization (SESI) coupled with high-resolution

mass spectrometry is a powerful tool for the discovery of biomarkers in exhaled

breath. A primary electrospray consisting of aqueous formic acid (FA) is currently

used to charge the volatile organic compounds in breath. To investigate whether

alternate electrospray compositions could enable different metabolite coverage and

sensitivities, the electrospray dopants NaI and AgNO3 were tested.

Methods: In a proof-of-principle manner, the exhaled breath of one subject was

analyzed repeatedly with different electrospray solutions and with the help of a

spectral stitching technique. Capillary diameter and position were optimized to

achieve proper detection of exhaled breath. The detected features were then

compared using formula annotation. Using an evaporation-based gas standard

system, the signal response of the different solutions was probed.

Results: Principal component analysis revealed a substantial difference in features

detected with AgNO3. With silver, more sulfur-containing features and more

unsaturated hydrocarbon compounds were detected. Furthermore, more primary

amines were potentially ionized, as indicated by van Krewelen diagrams. In total,

twice as many features were unique to AgNO3 than for other electrospray dopants.

Using gas standards at known concentrations, the high sensitivity of FA as a dopant

was demonstrated but also indicated alternate sensitivities of the other electrospray

solutions.

Conclusions: This work demonstrated the potential of AgNO3 as a complementary

dopant for further biomarker discovery in SESI-based breath analysis.

1 | INTRODUCTION

Secondary-electrospray ionization (SESI) coupled with high-resolution

mass spectrometry (HRMS) for breath analysis is a noninvasive

technique for real-time monitoring of the human metabolome.1 SESI-

HRMS has already been employed for biomarker discovery of

obstructive sleep apnea,2,3 chronic obstructive pulmonary disorder,4,5

cystic fibrosis,6,7 and asthma.8 Additionally, SESI-HRMS breath

analysis has facilitated the monitoring of citric acid cycle

intermediates,9 sleep patterns,10 and dietary impacts on human

metabolic processes.11

The operational principle of SESI involves the generation of

charged droplets from a primary electrospray, which ionizes gaseous

or aerosolized analytes.12 Typically, the primary electrospray consists
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of a 0.1% aqueous formic acid (FA) solution for a majority of SESI

applications.12 This leads to the formation of either [M + H]+ ions in

positive or [M–H]� ions in negative ion mode with high efficiency.12

A few compounds are detected as protonated dimers under

sufficiently high analyte concentration.13 SESI-HRMS operates as a

direct-injection technique, without a prior separation stage such that

the mass spectra obtained contain a multitude of signals. The mass

spectrometric data, predominantly comprising singly (de)protonated

analytes, are thus easier to interpret. The soft nature of SESI14 further

assists in this interpretative process, as most of the charged analytes

remain unfragmented, indicating that each peak in the spectrum likely

corresponds to a singly charged analyte.

SESI exhibits a heightened sensitivity to polar compounds, such

as amines,15 and can ionize a diverse array of analytes, including

heavier compounds compared to proton transfer reaction mass

spectrometry.16 SESI ionizes a broad range of analytes, from

hydrocarbon compounds to amino acids,17 with an enhanced

sensitivity for polar and basic compounds.13 Although FA-based spray

solutions are widely used in SESI research, alternative electrolyte

compositions are used as well. These compositions are mainly

reported with research using extractive electrospray ionization. This

technique can be seen as a subset of SESI analyzing aerosolized

particles, and the scope of the presented work is seen as the same.18

For the alternative spray compositions, the spray solutions contain

methanol (MeOH), isopropanol, acetonitrile (ACN), or a mixture of

these solvents with water with a wide variety of dopants.19 Next to

acids, such as acetic acid,20 salts of different metals are suitable

electrospray dopants.21–23 Notably, silver in the form of AgNO3 has

been demonstrated to selectively ionize sulfur-containing compounds

in breath if present in the spray solution.24 Li et al. used AgNO3 to

determine acetonitrile levels in the breath of smokers.21 The

monitored acetonitrile has been detected as the [ACN + Ag]+ adduct.

Research by Swanson and coworkers has shown the potential of alkali

metals (Li, Na, and K) to form adducts with compounds containing a

high number of oxygen atoms.22 NaI specifically has later been used

in devices to monitor indoor or outdoor air quality aerosol

content.23,25,26

Although these electrolyte compositions have found application

in diverse fields, their integration into untargeted breath

metabolomics with SESI-HRMS has not been explored. This research

delineated here provides a proof of principle for the use of silver and

sodium salts as alternative dopants in the primary electrospray of

SESI, aiming to extend the breath metabolomics coverage beyond

that afforded by standard aqueous FA solution. The investigation also

elucidates the impact of a water–MeOH (50%:50%) mixture on the

profile of detected breath features. The different electrolyte solutions

were then further characterized using gas standards.

The presented results provide the groundwork for future breath

studies employing SESI-HRMS with different electrolyte matrices to

achieve a broader and more comprehensive coverage of the breath

metabolome.

2 | METHODOLOGY

2.1 | Chemicals

Optima LC-MS-grade water and MeOH (both Fisher Scientific) were

used for the electrospray solution. FA (0.1% v/v, purity: ≥99.99%,

Sigma-Aldrich), NaI (1 mM, purity: ≥99%, Sigma-Aldrich), and AgNO3

(1 mM, purity: ≥99.995%, Thermo Scientific) were utilized as spray

dopants at given concentrations. For the generation of the gas

standards, limonene (purity: ≥95%), eucalyptol (purity: ≥99%),

isopropanol (purity: ≥99.8%), and acetone (purity: ≥99.5%) were

purchased from Sigma-Aldrich. Pentanoic acid (purity: ≥99.8%) was

obtained from Supelco and pyridine (purity: ≥99%) from VWR

Chemicals.

2.2 | Online SESI-HRMS breath measurements

Breath of a volunteer (27-year-old healthy male) was sampled using a

spirometry filter (Vyaire Medical, Germany) connected to a custom

adapter. For each electrolyte solution, six exhalations were provided

in each measurement, with three replicates of each measurement on

separate days. This adapter was, in turn, connected to the SESI source

and one exhaust port leading to a flow meter (EXHALION, Fossil Ion

Tech, Spain). The SESI source (SuperSESI) was procured from Fossil

Ion Tech and connected to a Q-Exactive Plus Orbitrap mass

spectrometer (Thermo Fischer, Germany). The temperature of the

sample inlet was maintained at 130�C and that of the ionization

chamber at 90�C. The electrospray was facilitated by applying an

overpressure of 0.8 bar on the vial containing the electrolyte solution.

Two different electrospray emitters were employed, a nano-

electrospray emitter with a 20-μm inner diameter (outer

diameter = 365 μm, Fossil Ion Tech) and an emitter with a 50-μm

inner diameter (outer diameter = 363 μm, BGB, USA). To optimize

the signal response of breath for each electrospray solution, different

distances between the emitter and the mass spectrometer's inlet were

probed. These distances were adjusted to 2, 10, and 24 mm. A sheath

gas flow at 15 psi and an auxiliary gas at 2 arbitrary units (a.u.) were

applied to form the spray. A voltage of ±3.5 kV was applied across all

measurements, depending on the ion mode. The inlet capillary of the

mass spectrometer was set to a temperature of 250�C, and the radio-

frequency (RF)-value of the S-lenses was set to 50 a.u. To enhance

the robustness of feature detection, spectra were acquired using

spectral stitching.27 For measurements conducted with NaI and

AgNO3, it was assumed that the scan intervals of the FA

measurements would be transferable for these adducts.

Consequently, the intervals were adjusted to accommodate the

anticipated adducts. The m/z ranges of the individual scans are

presented in Table S1. Each scan was conducted at a resolution of

140 000, with an automatic control gain target of 106 and a maximum

injection time of 500 ms.
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2.3 | Gas standard measurements

A system based on controlled evaporation of a liquid analyte and its

diffusion in a carrier gas stream was employed to generate gas

standards.28 The selected compounds were initially diluted in water at

concentrations mentioned in Table S2. Ten microliters of the liquid

stock solutions was injected into the evaporation chamber, and its

headspace volume was diluted with a nitrogen stream at flow rates of

1, 2, 4, 6, 8, and 10 mL/min. Further dilution was done with a larger

nitrogen flow of 8 L/min, which was either dry (�0% relative humidity)

or humidified through a bubbler (�95% relative humidity). Initially,

each aqueous electrospray was individually tested with different gas

standards under dry and humified nitrogen dilution flows. Gas

standards were generated from limonene, eucalyptol, isopropanol,

acetone, propanoic acid, and pyridine. Measurements were conducted

by altering the flow through the evaporation chamber on and off for

30-s intervals, escalating from 1 to 10 mL/min. For the second round

of measurements, both aqueous and water–MeOH electrosprays were

tested with a humidified dilution flow. A composite mixture of the

aforementioned compounds was injected into the evaporation

chamber. The flow rates for these experiments were sequenced as

10, 1, 8, 2, 6, and 4 mL/min. Only the intensity during the 4-mL/min

flow was considered to compare the signal response.

The settings of the mass spectrometer remained consistent with

those used for exhaled breath measurements, with the exception that

the spectral stitching technique was not applied. The scan range for

FA was set to 50–500 m/z, for NaI 50–523 m/z, and for AgNO3 106–

609 m/z for consistency with the ranges set for exhaled breath.

2.4 | Data processing and feature annotation

The acquired mass spectra were converted to the mzML format29

using ProteoWizard30 and subsequently processed using a custom

Python (version 3.9) script running on the Euler computer cluster at

ETH Zurich. This script interpolated all spectra with a step size of

10�5 m/z and averaged all interpolated spectra into a composite mass

spectrum. Peak detection within this mass spectrum employed a

height filter of 100 and a minimal distance of 10�4 m/z between

peaks. The corresponding peak widths were determined at 90% of

their maximum height. For each measurement, the signal of each

individual peak was determined by integration within their peak's

boundaries, resulting in a temporal profile for each peak. These

profiles were then aligned with the exhalations recorded by the flow

meter. A peak was attributed to an exhalation if its average intensity

was higher during exhalations than the spray baseline. If a peak

matched this criterion, its average intensity was stored in an intensity

matrix.

For each experimental condition, feature annotation was

performed only on features detected in all three replicates. The

PyC2MC package31 was utilized for this purpose. Heuristic rules for

annotation were used to assign molecular formulae to features,

including the ratios between elements.32 The elements C, H, N, O,

and S were considered for all formulae. Sodium (Na) was included for

features detected in NaI measurements and silver (Ag) for those in

AgNO3 measurements. The analyte ions were assumed to be singly

charged considering only the following adducts: [M + H]+, [M

+ Na]+, and [M + Ag]+. A relative m/z deviation of 10 ppm was

allowed. All possible formulae within this deviation were considered

to be valid. A final data matrix was constructed by combining the

intensity of features annotated with the same molecular formulae.

The dimensions of the resulting matrix were structured as

experimental conditions using unique molecular formulae.

Principal component analysis (PCA) was conducted using the

Scikit-learn library (version 1.3) in Python (version 3.9).33

3 | RESULTS AND DISCUSSION

3.1 | Mass spectra

To optimize performance across all electrolyte solutions, it was

necessary to determine the ideal electrospray emitter and the precise

distance between the tip of the emitter and the inlet of the mass

spectrometer. For all electrolyte solutions without dopant or FA, the

electrolyte solution consisting of 50% MeOH and 1 mM NaI,

the emitter with a 20-μm inner diameter yielded the most intense

signals. However, the emitter clogged rapidly when used with other

electrolyte solutions, resulting in a swift decline in signal intensity.

Conversely, the 50-μm emitter maintained consistent performance

without clogging and was therefore selected for these solutions. The

optimal emitter-to-inlet distance was determined based on the signal

enhancement observed during exhalation, which served as an

indicator of improved detection of compounds present in exhaled

breath. For solutions without dopants, as well as those containing FA

and NaI in a water–MeOH mixture, a distance of 2 mm was found to

be the most effective. In contrast, for all silver solutions and NaI in

water, a distance of 24 mm was optimal. Notably, when using AgNO3,

elemental silver was deposited on the tantalum electrode of the high-

voltage cable, which oxidized. The deposited layer was removed after

the experiments. With the optimal emitter and distance determined,

repeated measurements were conducted on separate days to ensure

reliability. The average mass spectra for each aqueous electrolyte

solution are shown in Figure 1.

Initially, the average spectra exhibited distinct differences. The

most intense peaks for the water and aqueous FA electrospray

(Figure 1A,B) were an order of magnitude more pronounced than the

ones observed for NaI and AgNO3 spectra (Figure 1C,D). The water-

only electrospray produced only a few peaks, whereas the FA

electrospray revealed multiple peaks of comparable intensity. The

pattern of these high-intensity peaks matches with previously

reported feature distributions.16 In the spectrum generated from the

NaI-doped electrospray, only a few features were discernible until

�170 m/z. Beyond this point, the spectrum displayed a denser array

of signals with higher-intensity signals. Notably, signals from NaI

cluster ([(NaI)n + Na]+, n = 1, 2, 3) were discernible and could serve

WÜTHRICH ET AL. 3 of 11
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F IGURE 1 Average mass spectra derived
from three replicates, each consisting of six
exhalations. The intensities represent the integral
beneath the signal and are comparable. The
solvent for all electrolyte mixtures was pure
water. (A) H2O only, (B) FA, (C) NaI, and
(D) AgNO3. Annotations for the molecular
formulae are provided for the most intense peaks.
Asterisk (*) indicates peaks for which no

annotation with the given restrictions was found.
A comparative analysis of peak intensities reveals
that the most intense signals were observed in the
mass spectra for pure water or the aqueous
formic acid electrospray. In the NaI spectrum (C),
clusters denoted by [(NaI)n + Na]+23 are clearly
discernible. In (D), the isotopic pattern of silver is
visible for the most intense peaks. [Color figure
can be viewed at wileyonlinelibrary.com]

4 of 11 WÜTHRICH ET AL.

 10970231, 2024, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/rcm

.9714, W
iley O

nline L
ibrary on [19/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


as a standard to normalize the data and ensure the precision of the

m/z-axis.23 In the spectrum obtained from the silver-doped

electrolyte, the silver cation was clearly detectable, followed by the

signals of [NH3 + Ag]+ and [ACN + Ag]+. The use of silver adducts

enabled the detection of these molecules using Orbitrap, with its

lower mass limit of 50 m/z due to the heavier mass of silver. Many of

the most intensive signals in the spectra were attributable to

molecular formulae containing nitrogen atoms, suggesting the

presence of amines. As previously reported,24 the affinity of silver

toward sulfur-containing compounds leads to the presence of the

dimethylsulfide-silver adduct, as well as a heavier compound with

the annotated formula C16H34S.

Although employing water as the electrospray solvent is common

in SESI, a mixture of water and MeOH can be employed to enhance

the extraction phase of the ionization pathway.34 Therefore, water–

MeOH solvent (50:50) mixture was used, yielding the spectra for

exhaled breath as shown in Figure 2.

With the inclusion of MeOH in the spray solution, all spectra

visibly changed from when pure water was used, with the exception

of the AgNO3-doped solution. The mass spectrum obtained from the

nondoped solution (Figure 2A) was characterized by three intense

peaks, whereas the rest of the spectrum contained signals with a less-

intense magnitude. For both FA- and NaI-doped solutions

(Figure 2B,C), the most intense peaks emerged above 250 m/z. This

contrasts with the spectra shown in Figure 1, where the most intense

peaks were below 250 m/z in the case of FA or more evenly

distributed across the mass spectrum in the case of NaI. It could be

that the additional MeOH in the spray solution enhanced the

ionization efficiency of heavier compounds, which are typically

associated with aerosols. Other factors that could have been

responsible for the differences between the NaI spectra could be

attributed to the different emitter diameters and positioning of the

spray tip. The spectrum obtained from measurements with AgNO3-

doped electrospray solution (Figure 2D) shows minimal differences

compared to the water-only solvent results (Figure 1D), suggesting

that the presence of silver in the spray may not be significantly

influenced by the addition of MeOH under the conditions tested.

3.2 | Feature comparison

To facilitate the comparison of the detected features under various

conditions, molecular formulae were calculated from individual m/z

peaks. Then, the intensity of each corresponding m/z feature was

appended alongside each formula or multiple formulae, based on the

number of potential candidates identified within the given relative

mass error of 5 ppm. As a final product, a data matrix was obtained,

with the intensity values of each molecular formula match depending

on the electrolyte solution as entries. Within all recorded spectra,

4644 features were annotated with molecular formulae. Among these

features, 708 were unique to the aqueous FA solution, 531 to NaI,

and 1679 to AgNO3. For the water–methanol (50:50) mixture,

131 were unique to FA, 180 to NaI, and 63 to AgNO3.

To illustrate the feature similarities across the different

conditions, PCA was conducted. The first two principal components

are shown in Figure 3A, whereas the third component is shown in

Figure S1.

The first principal component clearly distinguishes the data

obtained with the silver-doped electrospray. The second component

separates the data obtained from the electrospray containing aqueous

FA. There was no evident clustering by the solvent used, which

indicates that silver doping enhances the ionization of certain

compounds or even makes some ionizable only in its presence. This is

further supported by data shown in Figure 3B. The deconvoluted

masses of the individual features are exhibited for each of the

electrospray solutions alongside their signal intensity. The features

detected using the silver-doped spray with or without MeOH were

numerous and possessed higher molecular masses than in almost all

other conditions, leading to their distinct separation in the PCA plot.

The feature coverage of the FA-doped electrospray was the only one

approaching that of the silver, with substantial coverage in the lower-

mass range and less dense coverage at higher masses. This pattern

was also reflected in the second principal component, which

distinguished the data obtained from the aqueous FA electrospray. To

visualize the ionized compound classes, the detected features and

their closest formula matches are shown in van Krewelen diagrams

(Figure 4).

The distribution of individual features across the element ratios

indicated the presence of certain compound classes within the

dataset. When examining the oxygen–carbon (O–C) ratio (first

column, Figure 4), a notable difference was observed between FA and

silver nitrate data. The area around the hydrogen–carbon (H–C) ratio

of 1.5 was more densely populated in the case of silver, especially at

low O–C ratios. Silver nitrate features were more numerous above an

H–C ratio of 2.0. As already reported for ESI35 or desorption

electrospray ionization (DESI),36 silver forms adducts with

unsaturated hydrocarbons. Potential compound families with these

ratios are furans, benzofurans, and their derivatives.37 Another class

could be lipids, which have shown enhanced detection with silver

adducts using DESI36 and are also a plausible category within the

observed ratio range for biological systems.38 Interestingly, the most

intensive features detected using the NaI-doped electrospray

appeared right below a H–C ratio of 2. These features clustered

around an O–C ratio of 0.2, suggesting a relationship to compounds

with alcohol functional groups.22 Still, the increased coverage in this

area barely outmatched the one observed with silver.

A comparison of the N–C ratios across all features revealed

regions in the diagrams that were covered by Ag and, to some extent,

Na but not by FA. This area contained features with high H–C ratios

across the full spectrum of N–C ratios, indicative of compounds

containing multiple primary amines, which would match the observed

ratios.

In general, a higher number of features were found for silver data,

especially those with low N–C ratios. Unsurprisingly, a greater

number of features annotated with sulfur-containing formulae were

detected with the silver-doped electrospray compared to the other
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F IGURE 2 Average mass spectra over all
three replicates, each consisting of six exhalations.
For all electrolyte mixtures, a water–MeOH
(50:50) mixture was the solvent of choice.
(A) Solvent only, (B) FA, (C) NaI, and (D) AgNO3.
Selected peaks have been labeled with their
molecular formula. Asterisk (*) indicates peaks that
could not be assigned to a molecular formula. In
contrast to the spectra shown in Figure 1, the

most intense peaks were observed with the NaI-
doped electrospray. For both FA and NaI, a shift
in the more intense signals toward higher m/z
ratios was observed compared to the spectra
obtained using only water as solvent. [Color figure
can be viewed at wileyonlinelibrary.com]
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F IGURE 3 (A) First two principal components, along with their explained variance in all annotated molecular formulae and their
corresponding intensity values. Data points marked by a circle indicate the data acquired with only water used as a solvent, whereas triangles
denote data acquired with a water–MeOH (50:50) mixture. The first component differentiated the data obtained from the measurements with
silver in the electrospray. (B) Distribution of the deconvoluted masses of the features found under the various electrospray conditions. FA in
water and the silver-doped electrospray conditions both showed numerous intensive features. [Color figure can be viewed at wileyonlinelibrary.
com]

F IGURE 4 van Krewelen diagrams for (A) formic acid, (B) NaI, and (C) AgNO3 electrospray data with water used as solvent. Compounds
without the corresponding heteroatoms were not included. Although silver data generally showed a higher number of features, it also
demonstrated clustering at low heteroatom ratios specifically around hydrogen–carbon ratios of 0.5 and 1.5. [Color figure can be viewed at
wileyonlinelibrary.com]
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conditions. The number of sulfur atoms within most compounds also

seemed to be low. For all three doped electrosprays, the majority of

features possessed an S–C ratio of less than 0.1, with only a few

features annotated with molecular formulae with more than two

sulfur atoms. This is congruent with the known classes of sulfur-

containing compounds reported for exhaled breath.37 Representing

the data obtained with the MeOH-containing electrospray solutions

similarly did not reveal significant differences (see van Krewelen

diagram in Figure S2). Fewer features were detected when MeOH

was incorporated within the electrospray.

Among the electrospray compositions tested, AgNO3 appeared to

provide the most comprehensive coverage of compounds present in

exhaled breath.

3.3 | Gas standards

To further characterize the different electrolyte dopants, a series of

chemicals were employed, including limonene (2.5 parts per billion

[ppb]), eucalyptol (2.5 ppb), isopropanol (2.2 ppb), acetone (2.3 ppb),

pentanoic acid (2.2 ppb), and pyridine (2.8 ppb). This selection covered

a part of compound classes typically present in exhaled breath.37

Initially, each compound was individually tested by increasing the

compound's concentration linearly under both dry and humid

conditions. Limonene was detected only with FA under dry conditions

as the [M + H]+ ion. No related signals were observed for the other

dopants and conditions. Conversely, eucalyptol was detected with FA

under both conditions and with silver in dry conditions. However, with

silver dopant, the corresponding silver adduct for eucalyptol was not

observed. Instead, the [M + H]+ ion was obtained. Isopropanol

produced a signal only with silver-doped electrospray and in dry

conditions in the evaporation system, resulting in the [M + Ag]+ ion.

Acetone, on the contrary, was consistently detected under all

conditions except for the silver-doped spray, with the acetone gas

having been humidified. Regardless of the employed dopant, the [M

+ H]+ ion was the major signal detected. Only with the sodium-doped

spray and a humid dilution gas was a fraction observed as the [M

+ Na]+ ion. Pentanoic acid yielded the [M + H]+ ion with FA under

dry and humid conditions. The NaI-doped spray was not capable of

producing any observable signal. With AgNO3, both the [M + Ag]+ and

[M + H]+ ions were formed when the dilution gas was dry. These ions

were not detected when the gas flow was humidified. Pyridine was the

only compound for which, under all conditions, an ion was detected.

Regardless of the electrospray dopant, the [M + H]+ ion was formed.

With silver, the adduct [M + Ag]+ was also observed.

The measurements with the gas standards indicated that even

with adduct-forming dopants, the compounds were detected in the

form of [M + H]+. Occasionally, adducts were an additional observed

signal but were not the major species. Isopropanol was the only

exception, which, when diluted with a dry gas flow, formed only the

adduct with silver. No [M + H]+ ions for isopropanol were observed

under the tested conditions. This suggests that for the compounds

tested and likely their broader classes, the protonated analyte is to be

expected when employing adduct-forming dopants. This would

explain why the breath measurements with an NaI-doped

electrospray showed a less broad feature coverage. It is plausible that

many of the signals detected with an NaI-doped spray corresponded

to the protonated analyte. Because more breath features were

detected as a silver adduct when using AgNO3, different compound

classes present in breath were likely ionized.

To further assess the sensitivities toward the tested gas

standards, a mixture of all standards was analyzed, with a humid

dilution flow (�95% relative humidity) mimicking exhaled breath

conditions. The three different dopants tested in both aqueous and

water–MeOH solutions, with the corresponding signal responses, are

shown in Figure 5.

F IGURE 5 Intensities of the detected
gas standard signals. For each
electrospray condition, the signal of the
expected adduct was taken. ND denotes
conditions with no detected signal. For all
tested compounds, the highest intensities
were achieved with formic acid as an
electrospray dopant. The responses of the
tested dopants, NaI and AgNO3, were
lower and depended on whether the
solution contained MeOH. [Color figure
can be viewed at wileyonlinelibrary.com]
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The signal responses in Figure 5 clearly show FA as the most

effective dopant. Throughout the measurements, FA in water

exhibited stronger responses compared to when it was dissolved in

the water–MeOH mixture. The results for eucalyptol were surprising

because compared to the results presented in Table S3, the adduct

signals for NaI and for AgNO3 in 50% MeOH were detected. It seems

that for NaI in water, the concentration of the [M + Na]+ ion

surpassed the limit of detection, potentially due to spray variation.

With MeOH added to the spray solution, for both sodium and silver,

the corresponding adduct was more preferentially formed or even

detected, respectively. In contrast, isopropanol did not elicit any signal

response, even when tested with the water–MeOH mixture. Acetone

exhibited a detectable response only with FA and NaI in water. In the

case of pentanoic acid, it was almost the same, but instead of NaI in

water, it was the MeOH mixture for which the adduct signal was

observed. Finally, for pyridine, silver adducts could be observed with

AgNO3.

These results demonstrated strong sensitivity variances among

the different spray dopants. Additionally, it was critical for NaI and

AgNO3 whether the spray solution consisted of pure water or a

mixture of water–MeOH. The different responses of NaI and

AgNO3 to the measured compounds might have been influenced

by the affinities of the cations Na+ and Ag+ toward water, MeOH,

and the analyte molecules.39 However, the obtained data do not

allow for definite conclusions about the underlying mechanistic

processes. It is, therefore, unclear whether the adduct-forming

mechanism follows more an extractive process or gas-phase

reactions.15,40–42

4 | CONCLUSIONS

To explore alternative electrolyte compositions for exhaled breath

analysis using SESI-HRMS, breath measurements were conducted

utilizing FA, NaI, and AgNO3-doped electrospray solutions. An

evaporation-based gas generation system was also used to measure

the response of certain compounds to these electrospray

compositions. When AgNO3 was added to the electrospray, different

metabolite classes were covered compared to the conventional FA

dopant. With NaI, fewer features were detected, and compared to FA,

the covered metabolite classes were not unique. Exploration of the

annotated formulae of all features revealed the increased detection of

features containing sulfur with silver. With a silver-doped

electrospray, more features connected to unsaturated hydrocarbons

and primary amines were detected as well. Using a mixture of water

and MeOH for the electrospray solution did not improve feature

detection, as more unique features were obtained with only water as

the spray solvent.

The evaluation of compound sensitivities demonstrated that the

strongest signal responses were obtained with FA-doped

electrosprays. The efficacy of the other dopants was mixed, with

some compounds not detected at all. For the tested compounds and

their related compound classes, the widely used FA electrospray is

still the optimal choice. NaI under the tested condition did not

provide significant advantages and is, therefore, not an interesting

alternative. On the contrary, AgNO3 showed a different coverage of

metabolites, and through the silver isotopic pattern, filtering

of features is easily performed.

Water-based solvents are environmentally friendly and cost

effective due to their abundance and nontoxicity. In contrast, MeOH

is toxic and flammable, raising environmental and safety concerns.

However, renewable MeOH can be greener. Regarding the costs of

the individual solutions, water as a solvent is less expensive than

MeOH, which would favor the water-only electrolyte solutions.

Among dopants, AgNO3 is the most expensive, followed by NaI. In

terms of cost, the commonly employed FA-doped electrospray is the

most economical. But the amount of dopant needed is minimal, and

the used volume of the electrolyte solution is low. This minimizes the

contribution toward operating costs and makes the cost a negligible

factor.

Overall, AgNO3 is an interesting dopant alternative or addition

for exhaled breath analysis using SESI-HRMS. Although FA is

effective, it is certainly worth conducting tests using AgNO3 to

discover additional biomarkers in exhaled breath.
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hydrates in secondary electrospray ionization mass spectrometry

(SESI-MS), their equilibrium distributions and dehydration in an ion

transfer capillary: modelling and experiments. Rapid Commun Mass

Spectrom. 2021;35(7):1-10. doi:10.1002/rcm.9047

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Wüthrich C, Zenobi R, Giannoukos S.

Alternative electrolyte solutions for untargeted breath

metabolomics using secondary-electrospray ionization high-

resolution mass spectrometry. Rapid Commun Mass Spectrom.

2024;38(8):e9714. doi:10.1002/rcm.9714

WÜTHRICH ET AL. 11 of 11

 10970231, 2024, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/rcm

.9714, W
iley O

nline L
ibrary on [19/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1007/s00216-010-4349-5
info:doi/10.1088/1752-7163/abf1d0
info:doi/10.1088/1752-7163/abf1d0
info:doi/10.1021/jasms.1c00230
info:doi/10.1021/ja9841198
info:doi/10.1007/s00216-011-5471-8
info:doi/10.1007/s00216-011-5471-8
info:doi/10.1039/C7AY01121K
info:doi/10.1002/rcm.9047
info:doi/10.1002/rcm.9714

	Alternative electrolyte solutions for untargeted breath metabolomics using secondary-electrospray ionization high-resolutio...
	1  INTRODUCTION
	2  METHODOLOGY
	2.1  Chemicals
	2.2  Online SESI-HRMS breath measurements
	2.3  Gas standard measurements
	2.4  Data processing and feature annotation

	3  RESULTS AND DISCUSSION
	3.1  Mass spectra
	3.2  Feature comparison
	3.3  Gas standards

	4  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


