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ABSTRACT: Reliable ion annotation and identification remain persistent challenges in mass-
spectrometry-based untargeted metabolomics. Here, we elucidate the identities, sources, and
formation mechanisms of numerous previously unexplained ions by showing that
microdroplets formed during electrospray ionization can promote a wide array of chemical
transformations. These include redox, addition, condensation, reductive amination,
decarboxylative coupling, and radical reactions, many of which are facilitated at the gas−
aqueous interface by reactive oxygen and nitrogen species. Activation of metabolite chemical
bonds generates cations, anions, and radical intermediates through the loss of protons,
electrons, or functional groups, ultimately leading to bond formation and the generation of
artifactual ions or false positive ions. These artifacts are frequently misassigned as endogenous
metabolites and account for hundreds of thousands of previously unidentified features. As an
example, we show that in a recently published untargeted metabolomics analysis of 1969 ions,
the annotation rate was substantially improved to over 50% from the previous value of 9%,
showing the importance of this new form of identification. Finally, we describe practical strategies to minimize artifactual ion
formation, thereby improving the reliability of metabolomic analyses.
KEYWORDS: dark metabolomics, water microdroplet, electrospray ionization, mass spectrometry, interfacial chemistry

Metabolomics comprehensively studies compositional changes
of metabolites in response to internal or external perturbations
such as genetic regulation, disease progression, drug inter-
vention, environmental exposure, etc.1−5 The metabolic
alteration snapshots the biochemical process and provides
solid evidence of molecular dysregulation not only at the
proteomic but also the genomic and transcriptomic levels.6−8

This enhances the importance of metabolomics in biomedical
science for molecular mechanism insight, biomarker discovery,
disease diagnosis, drug evaluation, and personalized ther-
apy.9−13

From a chemistry viewpoint, metabolomics focuses on small
organic compounds with molecular weights lower than 1500,
and it aims to characterize the spatial and dynamic changes of
thousands of metabolites within an organism.14,15 There is no
doubt that liquid chromatography−mass spectrometry (LC−
MS) is the most conventional technical platform for untargeted
metabolomics.16−18 The advantages of LC in efficient
separation and MS in sensitive detection guarantee the in-
depth coverage of metabolite species in complex biological
matrices such as plants, organs, tissues, tumors, cells, and
various biofluids.19−21 The coupling of the LC−MS could not
be realized until the revolutionary invention of electrospray
ionization (ESI) developed by Fenn and co-workers in the
early 1980s, advancing the use of mass spectrometry so deeply
involved in the life sciences.22−24 In the early 2000s, another

breakthrough invention, desorption electrospray ionization
(DESI), pioneered by Cooks and co-workers, opened the era
of in situ ionization from the rough sample surface at the
ambient conditions, making spatial metabolomics a new
frontier in the life sciences.25−30

Despite decades of advancement in ambient ionization MS
(AIMS) techniques31,32 and expansion of metabolite inclusion
in the metabolome database,15,33−35 it remains a frustration
that the identities of a large proportion of the human
metabolome are still poorly characterized.36,37 Taking the
human metabolome database (HMDB) as an example, it has
over 220,000 metabolite entries but roughly 90% are just
proposed based on computational model predictions. The MS-
based metabolomics community then introduced the concept
of dark metabolomics in analogy to dark matter in astrophysics,
representing those ions that can be detected but neither
identified nor even annotated using existing databases.38−40 In
a wet-experimental study of untargeted metabolic profiling, by
either ESI-MS or DESI-MS, reliable ion annotation must be
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regarded as one of the most challenging steps. There always
seems to be numerous ions going beyond interpretable sources
such as solvent impurities, contaminations, isotopes, or ion
clusters.41−43 Some researchers attribute these to the
unavoidable phenomenon of in-source fragmentation (ISF)
because of the extra energy brought to an unstable molecule
during desolvation.44 However, ISF still cannot explicitly
recognize all unknown ions, particularly those having m/z
values larger than the suspected parent metabolite’s counter-
part.
Compared to the electron impact (EI) source where

metabolites can hardly survive under 70 eV electron beam
bombardment, it is true that both the ESI and DESI can be
regarded to be sufficiently soft that most metabolites do
survive during the solvent removal process.45−47 The most
abundant metabolite ions tend to be present in the form of
adduct ions (e.g., [M + H]+, [M + Na]+, [M + Cl]−), or
deprotonated ions (e.g., [M − H]−). However, with the

development of advanced mass analyzers and improvements in
mass resolution and sensitivity, mounting experimental
observations in microdroplet chemistry have revealed that
spray-based ionization causes more chemical reactions to occur
than were previously imagined.48−57 It is this fact that forms
the basis for the generation of artifactual ions, as explained in
detail in what follows.
During the ESI process, charged microdroplets with a high

linear speed are generated by applying a high voltage and using
high-pressure nebulizing gas (Scheme 1A). Experiments and
computations have demonstrated that microdroplets, partic-
ularly their air−aqueous interfaces, process unique physi-
ochemical properties such as partial solvation, strong electric
field, spontaneous redox reactions with single electron transfer,
abundant reactive oxygen species, and superacidity.58−62

(Scheme 1B,C). These properties make microdroplets highly
active chemical reactors for applications ranging from organic
synthesis, polymerization, and nanomaterial preparation to

Scheme 1. Microdroplet-Initiated Reactions are Responsible for Dark Metabolomics�

a(A) Diagram of electrospray ionization as the most representative spray-based ionization technique. (B) Physiochemical environment across
microdroplet interface that facilitates reactions thermodynamically and kinetically. (C) Reactive oxygen and nitrogen species generated by various
driving forces including micro-discharging. (D) Mobile-phase solvents like acetonitrile and methanol provide reactive intermediate species to
initiate chemical bonds’ construction of dark metabolites. (E) Diagram of topological relationship between known metabolites a,b,c,d,e and
correspondent fragments and bimolecular reaction products.
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biocatalysis, photocatalysis, and electrocatalysis,63−68 with
reaction rates accelerated by factors of 102−106 compared to
the bulk phase. Many reactive intermediate and transient
species, such as cations, anions, radicals, can be generated and
stabilized in microdroplets.69−71 These reactive intermediates
can form new chemical bonds, leading to the generation of
compounds that may be misinterpreted as novel metabolite
structures in spray-based mass spectrometry (Scheme 1D,E).
As this study demonstrates, microdroplets produced during the
ESI or DESI process serve not only as vehicles for sample
extraction and analyte delivery in AIMS but also as reactive
microenvironments. This reactivity gives rise to numerous ions
that should be recognized as artifacts introduced during the
microdroplet-based detection process.

■ RESULTS AND DISCUSSION

Oxidation Reactions in Microdroplets

Oxidation is one of the most frequently observed reactions not
only in cells but also in microdroplets. To assess the impact of
microdroplets on the chemical stability of metabolites, we
conducted a simple test by injecting a 20 �M serotonin
solution (water/acetonitrile/methanol, 90:5:5, v/v/v as the
solvent) into an Orbitrap mass spectrometer using a standard
electrospray setup but without applying high voltage. Apart

from the protonated ion at m/z 177.1023 ([M + H]+), there
were also many low-abundance serotonin-associated peaks
detected (Figure 1A). These peaks can be categorized into
oxidation (e.g., single-electron loss, hydroxylation, and
dehydrogenation), fragmentation, modification (e.g., methyl-
ation and acetylation), and original form with metal ion
adducts (e.g., attachment with sodium and potassium) (Figure
1B). The predominant ion representing serotonin was at m/z
160.0756 generated through acid-induced neutral loss ([M +
H − NH3]+). This ion is attributed to C−N bond activation by
the neighboring amine group through proton attachment. The
ion at m/z 160.0756 can be further dehydrogenated by losing
protons on the hydroxyl group and secondary amine in the
heterocycle to form the ion at m/z 158.0599 ([M + H − NH3
− 2H]+).
It was surprising to detect the positive odd-electron ion of

serotonin (M+•, m/z 176.0945). This phenomenon indicates
that EI-like behavior still exists in the ESI source, which has
been conventionally regarded as a very soft ionization
technique. Compared to its even-electron ion form of [M +
H]+, the relative abundance of M+• only accounts for 0.54%
because this odd-electron ion is less stable and tends to
dissociate further, losing the hydroxyl radical (OH•) to form a
relatively stable ion [M − e− −OH•]+ at m/z 159.0919.

Figure 1. Serotonin as a typical showcase of the origin of dark metabolites detected in ESI-MS. (A) Mass spectrum of serotonin standard in the
water−methanol−acetonitrile (1:1:1, v/v/v) solution and (B) the number of each type of ions generated from different paths. Modification refers
to those side reactions that methyl, acetyl, and NO radicals were added to the substrate. (C) Specific formation paths of dark ions associated with
the neutral serotonin or the protonated one.
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Another remarkable result is the discovery of an oxidative
coupling product presented by the ion at m/z 351.1816 ([(2
M − 2H) + H]+). This product is formed by two serotonin
molecules consecutively losing 1e−/1H+ to combine with each
other by oxidative coupling, which agrees with a previous
report using electrosynthesis.72 These results (Figure 1C)
clearly illustrate that a metabolite can be activated to form
reactive intermediates in microdroplets through multiple
methods such as single-electron loss, dehydrogenation, and
hydroxylation.
Radical Reactions in Microdroplets

During the fission process of spraying microdroplets, the
positive charge tends to stay on larger droplet surfaces, whereas
electrons prefer smaller ones.73 When a larger droplet is split

into smaller ones, there exists a strong electric field across the
positive and negative droplet surfaces serving as the driving
force to cause redox reactions of compounds in the gas phase
or across the air−water interface.74,75 Furthermore, when the
electric field between microdroplets exceeds the dielectric
breakdown threshold of air, an electrical discharge can occur,
generating radical species derived from oxygen, nitrogen, and
solvent molecules. These conditions promote the formation of
hydroxyl radicals (OH•), nitric oxide radicals (NO•), and
methyl radicals (CH3•) and facilitate interfacial electron
transfer processes that act as redox mediators.76

These facts suggest that metabolites across the air−water
interface region are exposed to the attack of ROS or RNS.
Under this interfacial environment, the odd-electron serotonin
ion is a vulnerable target because it has a strong tendency to

Figure 2. Some representative microdroplet reaction types, mechanism, intermediates, and products of (A) decarboxylative coupling; (B) reductive
amination; (C) nucleophilic addition and condensation, acetonitrile (ACN)-mediated (D) addition, condensation, and (E) acetylation; and (F)
methanol-mediated methylation.
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pair with radicals. As a result, we detected a series of products
formed by its reaction with NO• (m/z 206.0920, [M + NO]+),
OH• (m/z 193.0970, [M + OH]+), and CH3• (m/z 191.1177,
[M + CH3]+), respectively (Figure 1C). The methyl radical is
suspected to originate from 5% methanol, which will be
discussed in more detail in the following section.
Decarboxylative Coupling

We found carboxylic acid (RCOOH) is also a functional group
sensitive to spraying microdroplets. In organic electrosynthesis,
an RCOOH can be activated by successively dissociating 1H+,
losing 1 or 2 e−, and 1 molecule of CO2, leading to the
formation of the carbon radical (R•) or the carbon cation (R+)
intermediates. Thereafter, two R• radicals can recombine to
generate a new alkane (R−R) by C−C bond formation,
whereas one R+ can react with another nonactivated RCOO−

to generate the ester (RCOOR) by R−O bond formation.77

With the presence of an amine metabolite, a new metabolite
can be constructed by forming a C−N bond either from
pairing of an amine cation radical with an alkyl radical or
electrophilic attachment of R+ to the lone pair electron of an
amine (Figure 2A). Microdroplet can provide such an
oxidative environment to simultaneously activate an amine
and a carboxylic acid to make them react with each other by
dicarboxylic coupling.
Taking glycine as the typical showcase, we found that glycine

can initiate nucleophilic attack onto the carbon cations
stemmed from 3-hydroxypropionic acid, 4-aminobenzoic
acid, fumaric acid, and cysteine by decarboxylation, resulting
in the formation of new metabolites a1 to a4 with the relative
abundance from 0.3% to 4.8% (Table S1). There is a wide
scope of reactive acids, including aromatic acids and �, �-
unsaturated acids. The dicarboxylic coupling is applied to form
not only the C(sp3)-N bond but also the C(sp2)-N bond.
Amine and organic acids are both prevalent in cells such as
amino acids, fatty acids, carboxylic acids, etc. The discovery of
dicarboxylic coupling product generation clearly illuminates a
new path in how these unidentified ions (dark metabolite ions)
are formed.
Reductive Amination

Previously, there have been spectroscopic observation and
molecular dynamics simulation demonstrating the strong
interfacial electric field (IEF) across the air−water inter-
face.58,59 The IEF not only destabilizes a chemical bond by
impacting electron density redistribution but also facilitates
nucleophilic or electrophilic reactions by lining different
molecular dipoles into a favorable orientation.78,79 Therefore,
the condensation reaction between those metabolites contain-
ing amines and carbonyl groups can be easily facilitated by the
IEF environment. Because amines, ketones, and aldehydes are
all widely existent metabolite species, when spray-based mass
spectrometry is used to conduct untargeted metabolic
profiling, there may be numerous combinations of these
well-known metabolites to generate new structures that have
escaped identification in the database. This can be an
important source contributing to the dark metabolome.
Taking serotonin as the showcase, we found that when it is

mixed and sprayed together with four different ketones or
aldehydes (acetone, glyoxylic acid, pyruvic acid, glyceralde-
hyde), imine structures can be first generated and further
reduced to alkylated amines by reducing electrons and protons
spontaneously donated from the IEF environment.80 As shown
in Figure 2B, we can successfully detect four different ketone-

or aldehyde-modified serotonins with relative abundances
ranging from 0.2% to 3.7% (Table S2). This result indicates
that the sprayed microdroplets can also mediate the single-
electron-transfer-based reduction process, which has also been
previously observed in several showcases such as pyruvate
reduction to lactate, pyridine reduction to pyridyl anion,
carbon dioxide reduction to formic acid, etc.57,69,81

Nucleophilic Addition and Condensation

Carbon anion is a reactive intermediate formed by the
deprotonation of a carbonyl compound known as a
nucleophile. This can be observed from those metabolites
containing a methylene group connected with electron-
withdrawing groups. Taking malonic acid as the typical
example, the methylene tends to yield one proton to form
the carbon anion because it can be stabilized by the two
neighboring carboxylic groups. This intermediate remains
active to initiate the nucleophilic attack on the other carbonyl
metabolites such as acetone, pyruvic acid, glyceraldehyde, and
glyoxylic acid. High-resolution mass spectrometry (HR-MS)
successfully detected secondary and tertiary alcohols as
nucleophilic addition products in negative scan mode. Their
relative intensities ranged from 6.1% to 18% (Figure 2C, Table
S3). In addition, these alcohols are unstable and will continue
eliminating one water molecule to form alkene products, with
relative intensities ranging from 2.7% to 29% (Figure 2C,
Table S3). This observation shows another origin of dark
metabolites in untargeted metabolomics studies.
Acetonitrile-Mediated Carbon Chain Elongation

Recent research proved the existence of −CH2CN in
microdroplets and its reactivity toward nucleophiles.82 It has
gained interest because acetonitrile is one of the most
frequently used mobile-phase solvents in LC−MS systems.
We investigated its reactivity in microdroplets containing
acetone, pyruvic acid, and glyceraldehyde. The HR-MS
experiment under the negative mode confirmed the generation
of cyanoethylated and cyanoethylene structures with relative
abundances ranging from 2.1% to 90% (Table S4). Apart from
alcohol and alkene connecting with cyanoethyl groups, the
nitrile group can be further hydrolyzed to the carboxylic group
to introduce other types of new structures (Figure 2D). It can
be imagined that if the number of carbonyl metabolites in a
sample is n, when using water−acetonitrile as a solvent, there
might be 4 × n possible products generated in the spray-based
MS metabolomics study, which can make the dark metabolite
scale gain 400% growth.
Acetonitrile-Mediated Acetylation

We further proved that acetonitrile is also reactive in the
positive scanning mode by using ESI-MS. Under acidic
microdroplet conditions, acetonitrile can be first hydrolyzed
to form acetamide, which has an ion at m/z 60.0444
([CH3CONH2 + H]+). The acetamide was then further
hydrolyzed into acetic acid, which exhibits an increased ion
signal at m/z 59.0141 (CH3COO−) (Figure S1). Through
acid-induced neutral loss, both acetamide and acetic acid ions
can yield an acetyl cation (CH3CO+) to initiate electrophilic
reactions. Multiple functional groups can be the target site such
as amine, hydroxyl, and carboxyl groups. These groups are
extensively located in so many endogenous metabolites such as
amino acids, amines and polyamines, purines and pyrimidines,
fatty acids, etc., making the acetylation another important
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contribution to the dark metabolite formation pathway (Figure
2E, Table S5).
Methanol-Derived Methylation

Previously, we observed the methylated serotonin ion from
ESI-MS and speculated that methanol was the methyl donor.
We compared some representative metabolites’ methylation
product intensities by tuning the ratio of methanol in water
from 0% to 100% for spray ionization. The methylation
products of choline, serine, hypoxanthine, and sphingosine
(Figure 2F, Table S6) gradually increased with an increasing
methanol ratio (Figure S2). In another radical scavenging
experiment by using 2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO), it was found that the methanol−water (1:1, v/v)
group achieved the highest amount of [TEMPO−CH3 + H]+
ion (m/z 172.1696) compared to the acetonitrile−water (1:1,
v/v) group and 100% water group (Figure S3). These provided
compelling evidence of the methanol-stem methyl group
source. In terms of the mechanism, both the methyl cation and
radical can be generated from the methanol molecule by

heterolytic and homolytic C−O bond cleavage, respectively.
The former one is generated under strong acidic activation,
whereas the latter one is generated by reacting with other ROS
species. Apart from the methyl group, the TEMPO scavenging
experiment also detected the methoxy radical as observed by
the peak at m/z 188.1645 ([TEMPO−OCH3 + H]+), which
was consistent with previous studies revealing the presence of
alkoxide radicals from alcohols on the surfaces of micro-
droplets.83,84

Microdroplet Reactions versus In-Source Fragmentation

During the spray ionization process, metabolite ions are
formed by going through the phase transition from liquid to
gas and charge transition from a neural to positive or negative
status. Multiple factors could impact on the stability and
reactivity of a metabolite in these physical status transitions
such as voltage applied to the ESI emitter, temperature of the
MS inlet capillary, and the potential of lens optics (Figure 3A).
In addition, because the transport capillary is normally working
under a temperature much higher than 100 °C and a lower gas

Figure 3. Impact evaluation for the microdroplet process versus in-source fragmentation process. (A) Diagram of the nozzle spray ionization and
the in-source lens optics system of an LTQ-orbitrap mass spectrometer and (B) 4-aminobenzoic acid and its relevant ions used as the study case.
The intensity ratio of four product ions versus the protonated metabolite was used to compare four critical parameters including (C) capillary
temperature, (D) S-lens RF level, (E) nozzle to MS inlet distance, and (F) voltage applied to the nozzle sprayer.
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pressure, micrometer-sized spraying droplets cannot exist
under this environment, leaving only trace water clusters to
survive. Therefore, given the linear speed of spraying
microdroplets, the distance from the ESI emitter outlet to
the MS inlet determines the maximum time for microdroplet
reactions occurring to a metabolite.85,86 Learning as much as
possible about reactions occurring to metabolites during the
spray ionization process, we are motivated to investigate which
is the predominant factor responsible for dark metabolite
generation.
We selected 4-aminobenzoic acid as the model compound to

evaluate the influence of the voltage (0−3000 V), spraying
distance (10−200 mm), capillary temperature (120−300 °C),
and S-lens radiofrequency (RF) level (0−70%). The ESI-MS
has identified some representative ions associated with the
protonated 4-aminobenzoic acid ion (m/z 138.0550), which
are formed by single electron loss ([M − e]+•, m/z 137.0471),
ethylation through reductive amination ([(M + C2H4) + H]+,
m/z 166.0863), hydroxylation by the OH• radical ([(M +
OH) + H]+, m/z 154.0498), and decarboxylation of a CO2
molecule ([(M − CO2) + H]+, m/z 94.0652) (Figures 3B, S4).
The intensity ratio of each product ion versus the protonated
one was computed to estimate the yield of the correspondent
reaction path and compare the impact of different factors.
As shown in Figure 3C, the capillary temperature has very

little influence on [M − e−]+• (91−95%), [(M + C2H4) + H]+
(92−96%) and slight influence on [(M + OH) + H]+ (0−
20%) and [(M − CO2) + H]+ (0−14%). This result is
probably because the rising temperature helps to fully remove
solvent clusters to enhance the ion signal for both the
metabolite substrate and the product to the same extent. In
comparison, tuning the S-lens RF level from 0 to 70% causes a
relatively apparent influence on hydroxylation (from 4% to
44%) and decarboxylation (from 23% to 10%; Figure 3D).
Checking the absolute intensity of the [(M − CO2) + H]+ ion,
it was found to increase with a rise of the S-lens RF level
(Figure S5). So, we acknowledge that in-source fragmentation
indeed contributes to the formation of dark metabolites to a
certain extent. Nonetheless, when we increase the microdroplet
reaction time by extending the distance from 10 mm to 200

mm, it was found that the product’s yield substantially
improved, no matter for [M − e−]+• (from 70 to 99%),
([(M + C2H4) + H]+ (from 70% to 99%), [(M − CO2) + H]+
(from 4% to 40%), or [(M + OH) + H]+ (from 10% to 70%)
(Figure 3E), indicating the more dominant role of the
microdroplet reaction time versus in-source fragmentation.
Furthermore, we found that applying voltage on the ESI
emitter did not provide any positive improvement in
production yields but made them drop back from the optimal
high levels. This observation suggests that the applied voltage
can change the inherent physiochemical properties of the
microdroplets.
Dark Ion Formation Pathways and Their Recognition

We summarize here all possible microdroplet reactions that
have been observed to happen to various metabolites to the
best of our knowledge. Representative dark ions’ identification
discussed above can be accessed at Figure S6. According to the
formation path and origin of reactive intermediates, dark
reactions are categorized into five types, namely, electron
impact-like ionization, unimolecular dissociation, intermolecu-
lar reaction, radical reaction, and solvent-involved reaction.
Subtypes represent more specific paths and modification types
of the reaction such as oxidation (by dehydrogenation,
hydroxylation, reduction, addition, condensation, reductive
amination, decarboxylative coupling, polymerization, methyl-
ation, acetylation, etc.) (Table S7).
Because a metabolite can have multiple ways to be activated

to intermediates such as anions, cations, and radicals, there
must be numerous possible combinations of these reactive
species to construct new chemical compounds by the
formation of new chemical bonds. We conclude that
microdroplet activation is the primary cause of artifact
metabolite ions (Figure 4A). Taking 4-pentenoic acid and �-
ketobutyric acid as an example, these two carboxylic acids can
be activated to form carbon anions and carbon cations by
losing protons and electrons in microdroplet reactors. There
were at least five possible combinations by forming new C−C
or C−O bonds (Figure 4B). The CID-MS/MS confirmed
most possible ones by assigning the fragment structures

Figure 4. (A) Diagrammatic illustration about the reactive intermediate generation and their combinations leading to the chemical space explosion.
(B) Taking 4-pentenoic acid and �-ketobutyric acid as typical showcases, they can be activated in microdroplets to form cation and anion
intermediates. Their combinations can produce multiple dark ion products. (C) The reasonable structure was confirmed by the MS/MS
experiment under the CID value set at 15. (D) Extracted ion chromatograms for 4-pentenoic acid (m/z 101.0593, [M + H]+), �-ketobutyric acid
(m/z 103.0384, [M + H]+), and their product at m/z 157.0846 ([M + H]+) with the increase of ESI sprayer to MS inlet distance.
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(Figure 4C). This microdroplet reaction-induced artifact ion
formation can also be verified by extending the sprayed
microdroplets’ traveling distance. The product ion at m/z
157.0846 showed up in the mass spectral profile when the
distance was increased from 15 to 300 mm (Figure S7). The
two substrate ions’ intensities gradually dropped, whereas the
product ion gradually increased with the elongation of the
microdroplet spraying time (Figure 4D).
We evaluated the general impact of microdroplet processes

on the dark metabolites by detecting a mixture solution
(water/methanol/acetonitrile 1:1:1, v/v/v as the solvent)
consisting of 70 well-known metabolites under ESI-MS in
the positive mode (Table S8). Setting the threshold to 1000
and subtracting background ions derived from solvents and
tubes, there were 1744 ions detected from the solution of 60
metabolites. Only 113 ions are derived from the proton or
sodium additions, accounting for only 5.3% total ion number
and 50.7% total ion intensity level. Given the knowledge of
microdroplet chemistry and 70 metabolites’ identity, all types
of possible reactions can be well predicted according to the
structure and functional group of each metabolite. Finally, with
the aid of a self-coded program, 978 dark ions can be
successfully annotated (Figure S8).

Apart from the classical ESI source, microdroplets
prevalently exist in all types of spray-based ambient ionization
methods such as DESI, paper spray ionization (PSI),
nanoelectrospray ionization (nESI), etc. So, we also tested
the mixed metabolites solution by nESI, DESI, and PSI. Each
ionization technique can introduce microdroplet reactions and
the generation of dark metabolite ions (Figure 5A). The
annotation rate for these four different ionization techniques
varied from 54% to 75% among the different spray-based
ionization methods (Figure 5B). Taking ESI as a typical
example, there are 60.8% total ions and over 91.0% of the total
ion intensity can be explained based on the possible
microdroplet reaction rules (Figure 5C).
Lastly, to show the practical value of microdroplet reaction-

based roles in ion annotation, we retrospectively analyzed an
independent group’s metabolomics data collected from
hepatocellular carcinoma by the LC−MS system.87 The
chromatographic peak at the retention time of 0.75 min
contains 1969 ions above the 1 × 104 level at the mass range of
m/z 50−500. There were 168 ions that can be identified by
searching HMDB, only accounting for 9% of total ions. This
value can be substantially improved to 56% with an additional
917 newly annotated ions (Figure S9). With the exploration of

Figure 5. Evaluation of the scale of dark metabolites caused in the spraying microdroplet process. (A) Mass spectra of a mix solution of externally
spiked 70 known metabolites in water−methanol−acetonitrile (1:1:1, v/v/v) before and after microdroplet reaction rule-based annotation. (C)
Percentage of known metabolite ions and annotatable ions accounting for the total number of ions and ion intensities before and after prediction by
prelearned microdroplet reaction knowledge.
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more microdroplet reaction types in the future, it is expected
that this dark ion recognition rate will be improved further.
Minimizing the Generation of Dark Ions

Although we learned the strategy to recognize dark ions, we
still expected to develop a soft spray ionization method that
can reduce their formations. For this purpose, we modified the
conventional ESI configuration with a customized setup, which
was named as air-flow-assisted spray ionization (AFASI)
(Figure 6A).88,89 The major instrumental change is to couple
the ESI emitter and mass spectrometer inlet with a sealed
chamber connected to a vacuum pump. The argon gas passing
through a dehydrating tube was used as the nebulizing gas.
This design can create a highly dry atmosphere to remove the
air−water interface reaction. Meanwhile, the low vacuum
chamber can not only maintain the inertia gas environment but
also provide an additional pneumatic driving force to shorten
the spray droplets’ transit time and reduce the interaction
between gas and metabolites across the microdroplet interface.
Compared to the conventional ESI setup, AFASI can guarantee
the full coverage of target metabolite ions during long-distance
sampling even without the spray voltage applied (Figure S10).
Under the same 3 kV voltage applied, AFASI performs better
than ESI in the enhancement of target metabolite ion
intensities over the generated dark ion numbers (Figure S11).
When an anhydrous acetonitrile solution containing

carnitine was injected by the system described above, there
was only one pure [M + H]+ peak observed at m/z 162.1127.
In contrast, when a carnitine solution was injected by regular
ESI, we can clearly observe two fragments of carnitine ions at
m/z 60.0807 (trimethylamine, TMA, [M + H]+), m/z

103.0393 ([carnitine- TMA + H]+) and another methylated
carnitine at m/z 176.1284 (Figure 6B). This result means that
the modified AFASI setup can effectively reduce the impact of
water and air on the dark ion formation by avoiding the use of
water and blocking the microdroplet contact with air.
We also revisited some critical conditions that could impact

the dark ion generation, including the mobile-phase flow rate,
S-lens RF level, spray voltage, and inlet capillary temperature.
Given three mixed solutions of 70 metabolite standards in
methanol, acetonitrile, and water, their mass spectra were
acquired to evaluate the number ratio, average intensity ratio,
and total ion intensity ratio between known metabolite ions
and dark ions. It was found that the capillary temperature and
flow rate have a negligible influence on the dark ion formation
(Figures S12 and S13). The S-lens RF level has a relatively
obvious impact on the dark ion amount and strength by tuning
the in-source fragmentation (Figure S14). The most critical
factor is the use of a high voltage applied to the spraying
solvent. When a +3.5 kV high voltage was applied, the number
ratio of 70 known metabolite ions dropped from 30% to only
15% and their total ion intensity ratio was reduced from 83%
to only 33% (Figure S15). This clear difference can be directly
read from the mass spectra acquired under +3.5 and 0 kV.
When applying the voltage, there were highly intense dark ions
hidden in the medium or low abundance levels lower than 6 ×
103 (Figure 6C). Most of these hidden low peaks can be
removed after withdrawing the high voltage (Figure 6D).
When it comes to target metabolite ions, they still can be
detected, although they also have a decreased signal from 1 ×
104 to 1 × 103 levels (Figure 6E). In comparison, more than
90% of the dark ions were significantly suppressed from 6 ×

Figure 6.Minimization of dark ions’ generation by systematically optimizing spray conditions: (A) the diagram of a modified from the prototype of
air-flow-assisted ionization setup; (B) mass spectra acquired from carnitine standard solutions made of water−methanol (upright) and anhydrous
acetonitrile (reverted); (C,D) metabolic profile and correspondent dark ion profiles acquired under applying +3.5 kV and 0 kV spray voltage,
respectively; and (E) contrast of intensity drops of metabolites and the dark ion signal.
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103 to only 1 × 102 level or even lower, which can be
considered as random noise ions. We acknowledge that water
is necessary as the mobile-phase solvent and its use in
bioanalysis is unavoidable. Therefore, so far, we can only
minimize these secondary reactions in microdroplets by
reducing their survival period, which can be realized by the
proposed air-flow-assisted spray ionization strategy.

■ CONCLUSION
In this work, we explore the impact of sprayed microdroplets
on possible dark reactions happening to metabolites. We find
the identities of those dark metabolite ions, elaborate their
generation pathways, and investigate factors driving their
formations in various spray-based ionization techniques. Lastly,
we proposed an effective spray ionization method that can
reduce the dark ion formation to a minimal extent, which only
accounts for less than 10% of the total ion intensity level,
providing feasible guidance to the broad audience of LC−MS
and AIMS users in a wide range of research fields. This study
has emphasized untargeted metabolomics, but the conclusions
apply broadly to other uses of microdroplet sprays for mass
spectrometric analysis.

■ METHODS

Metabolite Solution Preparation
Single metabolite stock solution was prepared by dissolving the
standard in methanol at a concentration of 10 mM for each one. A
100-fold dilution was conducted by using water, acetonitrile,
methanol, or their mixtures of various volume ratios, depending on
the specific study purpose. For the mixed solution consisting of 70
metabolites, 10 �L from each type was aspirated and mixed to form
125 �M. Then, this solution went through a further 10-fold dilution
by the studied solvent system to reach the final 12.5 �M
concentration for each one.
ESI-MS Experiment
The nozzle spray setup included a syringe pump (Masterflex, Cole
Parmer, Vernon Hills, IL, USA), a gas cylinder, stainless-steel tubing
(inner diameter: 500 �m; outer diameter: 2 mm; length: 30 mm), a
stainless-steel tee union (Swagelok, Solon, OH, USA), and a silica
capillary (inner diameter: 150 �m; outer diameter: 250 �m;
Polymicro Technologies, Phoenix, AZ, USA). A linear ion trap
mass spectrometer (LTQ-MS; Thermo Fisher Scientific, San Jose,
CA, USA) was employed for real-time monitoring of ammonia
formation and target product identification. The nozzle spray setup
was positioned 15 mm in front of the LTQ-MS inlet. A solid catalyst
mesh was placed between the nozzle sprayer outlet and the mass
spectrometer inlet. Compressed air or nitrogen served as the
nebulization gas, with the pressure adjusted to 100 psi. The liquid
flow rate was maintained at 5 �L/min.
nESI-MS Experiment
The nESI sprayer tip was fabricated using a borosilicate glass capillary
(Lot: 213425, ITEM# B150-86-10, OD: 1.5 mm, Length: 10 cm) via
a micropipet puller (Sutter Instrument Co., Novato, CA, USA). Key
parameters of the pulling program were as follows: HEAT 710; VEL
15; PULL: blank; TIME 250; and PRESSURE 700. A microloader
(lot no. K2080231, 20 �L, Eppendorf, Germany) was used to load 10
�L of sample solution from the back end of the nESI tip. A stainless-
steel needle was inserted into the back end of the capillary to establish
contact with the loaded sample solution. The nESI tip was positioned
2.5 mm from the inlet of the mass spectrometer (LTQ Orbitrap,
Thermo Scientific, San Jose, CA, USA). Upon applying a ±1.5 kV
potential to the needle, a strong electric field at the nESI sprayer tip
initiated the electrospray process, enabling ion signal detection by the
MS. The MS parameters were set as follows: capillary temperature,
275 °C; RF-lens, 43%; and maximum injection time, 400 ms. The

automatic gain control (AGC) target was normalized to 1000. Prior to
each measurement batch, the mass spectrometer was calibrated using
ion mass calibration solution kits (Pierce positive/negative, Thermo
Fisher, San Jose, CA, USA).

DESI-MS Experiment
For the dried solution spot scanning, a commercial 2D DESI system
(Prosolia OS-6205, Indianapolis, IN, U.S.) was employed in the
positive ion mode with all the other MS parameters the same as
above. Acetonitrile−water (7:3, v/v) was used as the desorption
solvent with a flow rate set at 2.0 �L/min under a nebulizing gas
pressure of 1.0 MPa (N2). The impact angle between the sprayer head
(+4.0 kV applied) and substrate was 55°. The height of the sprayer tip
and the distance from the tip to transport tube were both set at 4.5
mm.

PSI-MS Experiment
Filter paper (Whatman qualitative filter paper, grade 1, Avantor Inc.,
Radnor, PA, USA) was cut into a triangular shape (8.0 mm wide and
10.0 mm high). A volume of 3 �L of the sample solution was loaded
onto the base of the paper, positioned 5.0 mm from the tip, and
allowed to dry at room temperature for around 30 min. A copper
alligator clip was used to hold triangular paper and apply a +4.5 kV
voltage. The distance between the paper tip and the MS inlet was set
to 8.0 mm. Different methanol/water ratios (1:1 or 8:2, v/v) were
introduced either dropwise or continuously via a syringe pump (KDS
Legato 210, KD Scientific, Inc., Holliston, MA, USA) at a flow rate of
0.005 mL/min.

Product Identification
The predicted product ion and the observed ion were first compared
based on their exact m/z value differences with the mass tolerance set
at 5.0 ppm. The types of ion adducts were limited to [M + H]+, [M +
Na]+, [M + K]+, and [M + 2Na − H]+ under positive mode and [M −
H]−, [M + Na − 2H]−, and [M + Cl]− under negative mode. The
isotope distribution was also used to rule out the false positive
interference. A collision-induced dissociation tandem MS experiment
(MS/MS) was conducted to obtain detailed structural confirmation of
a product according to predicted microdroplet reaction types. The
isolation window for the target precursor ion was set at 0.5 amu. The
collision energy was tuned from 10 to 40 eV to get a good MS/MS
spectrum with observable precursor ion and sufficient fragment ions.
The maximum injection time was set at 400 ms, and the number of
microscans was set at 3.
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