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ABSTRACT

Metabolites are the final products of the metabolism and are, therefore, directly related to phenotype.
They constitute the metabolome of an organism. The wide diversity of the physicochemical properties of
the metabolites in terms of molecular weight, concentration, polarity, volatility, solubility, pKa, and
charge makes their analysis a remarkable challenge. With over 220,000 metabolites recorded in the
HMDB database, there is no single analytical technique capable of analyzing all of them. Therefore,
multiple analytical platforms are required to obtain a comprehensive picture of the metabolome. Among
these platforms, mass spectrometry (MS)-based analytical techniques are among the most widely used.
Capillary electrophoresis (CE) coupled to MS has been employed to analyze polar/ionic metabolites.
Although this technique is not widely used, it has demonstrated unique capabilities for the detection of
polar and ionic metabolites that are an essential part of the metabolome and are not usually detected by
other techniques. This review highlights the role of CE-MS in untargeted metabolomics, particularly in
comparison to the hydrophilic interaction chromatography (HILIC) separation mode. Additionally, we
discuss the metabolomics workflow in CE-MS for untargeted metabolomics, including sample treatment
and analysis, data treatment, and metabolite annotation. We notably present the annotation tools
developed explicitly for CE-MS, as well as some computational alternatives, in-house libraries of relative
migration times, effective mobility, MS/MS fragmentation, in-source fragmentation, and the CEU Mass
Mediator online tool. Finally, we mention future perspectives of this technique, such as single cell-CE and
ion mobility (IM)-MS. Overall, this review shows the important role of CE-MS in the studies of untargeted

analysis published in the last five years to approach human diseases.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction: untargeted metabolomics

Omics sciences represent an outstanding tool to study biological
organisms, providing the opportunity to obtain unexpected find-
ings. These “omics” mainly include genomics, transcriptomics,
epigenomics, proteomics, and metabolomics, usually focused on
analyzing a large amount of data at each biological level. Just as the
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genome represents a complete set of genes and the proteome is
equivalent to a complete set of proteins, the metabolome consti-
tutes the set of all small molecules (<1500 Da) that can be found in
an organism. Metabolites are the result of the last step in a suc-
cession of events that start with the DNA. Genes (genome) are
transcribed into mRNA (transcriptome), which is translated into
proteins (proteome), with metabolites being the final cascade
product. Any alteration in genes, transcripts, or enzymes directly
impacts metabolites. Thus, metabolites indicate the relationship
between metabolism and phenotype [1,2].

Metabolomics has evolved into two approaches: targeted
metabolomics, which deals with identifying and quantifying a
small group of preselected metabolites usually related to defined
biochemical pathways; and untargeted metabolomics, which
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consists in the determination of the metabolic fingerprint of a
biological sample to identify causal biomarkers usually involved in
pathological processes, thus working without any a priori hypoth-
esis [3]. The main objective of an untargeted study is to measure the
highest possible number of metabolites present in a biological
sample in a single analysis and then reveal the metabolic changes
produced by a disease or any other condition through advanced
statistical analyses [4].These aspects make the untargeted approach
a golden tool for understanding the underlying mechanisms in a
pathology, especially for its diagnosis.

2. Analytical techniques in untargeted metabolomics; the
role of CE-MS

Although untargeted metabolomics provides excellent tools for
the biological analysis of diseases, as previously discussed, the
broad coverage of metabolites is complex, and multiple analytical
platforms are needed to get a complete picture of the metabolome.

During the last decade, nuclear magnetic resonance spectros-
copy (NMR) and mass spectrometry (MS) have been the analytical
techniques most widely used for metabolomics. This is because
both provide structural information about the significant signals
that are subsequently annotated as metabolites [5]. Between them,
MS, known for its high sensitivity, has become one of the work-
horses in metabolomics. MS can work alone as a direct infusion, or
work coupled to different separation techniques such as liquid and
gas chromatography (LC and GC, respectively), capillary electro-
phoresis (CE) or even ion mobility as a pre-MS step (IM-MS) allows
the separation of isomeric and isobaric compounds, providing in-
formation on the three-dimensional properties of a molecule [6]. In
the case of LC, it has become the quintessential separation tech-
nique due to its versatility as it combines several chromatographic
columns and mobile phases for metabolites with different polar-
ities (from polar to non-polar metabolites) [7]. Among the most
common LC separation modes, reversed-phase chromatography,
hydrophilic interaction chromatography (HILIC), and ion pair
chromatography (IPC) have been used to analyze semi-polar to
non-polar metabolites, polar metabolites, and charged metabolites,
respectively [8]. Regarding IPC, it is not commonly used in untar-
geted analysis. However, retention of polar metabolites based on
the derivatization for amine groups using 6-aminoquinoloyl-N-
hydroxysuccinidimyl carbamate and tributylamine as an ion-
pairing agent to retain acids has been recently tested for targeted
analysis [9].

HILIC is the most commonly used type of chromatographic
separation mode for polar metabolites. However, method devel-
opment in HILIC is complex due to the wide variety of columns, the
long time required to re-equilibrate the system, and the in-
compatibility between the sample solvent after preparation, which
includes organic solvents from mobile phases, and the polarity of
the analytes. Despite these inconveniences, new methods are being
developed to improve the reproducibility of analyses, retention
times in particular [8,10]. Comparing HILIC and CE, it is crucial to
consider that the initial conditions for the sample analysis are
different [11]. Ironically, in the analysis of highly polar metabolites
in HILIC, the sample must be dissolved in the initial mobile phases
proportion of the method (usually at least 70% organic phase),
while in CE, the sample can be dissolved in water. This sample
treatment for HILIC can reduce the solubility of the highly polar
metabolites or preclude them from being retained in the column
resulting in the loss of information [12]. However, some limitations
include the fact that CE is less sensitive than HILIC, as the volume
injected is in the range of nanoliters, and it also has an increased
migration time (MT) shifting compared to RT in HILIC. All in all, CE
is a unique technique for analyzing the polar fraction of the
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metabolome and, thus, a key platform for untargeted analysis.

Unlike chromatographic methods, in which separation is based
on the interaction between the stationary and mobile phases, in CE
metabolites are separated according to their charge/size ratio in a
background electrolyte solution (BGE) by the influence of an elec-
tric field [13—15]. This means that CE is a technique naturally
suitable for analyzing highly polar/ionizable metabolites with high
separation and selectivity efficiency, and it makes it an orthogonal
complement to reversed-phase LC. CE is an ideal technique for
working with all types of biological matrices, especially when
dealing with restricted sample volumes, as it only requires a few
nanoliters. Moreover, CE mostly uses water-based solvents, making
it an environmentally friendly technology [14]. Recent revisions
regarding interphases, different ionization methods and CE modes
have been published elsewhere [16,17]. Because of these aspects,
this review aims to show the latest improvements in the untargeted
analysis workflow for CE-MS, emphasizing metabolite annotation.
In addition, we present the most prominent uses and capabilities of
this technique from the last five years for untargeted metabolomics
studies in the approach for disease diagnosis. Table 1 shows 48
articles published between 2018 and 2022 where CE-MS was used
alone or together with other analytical platforms to obtain bio-
markers of different diseases. The table shows the biological sample
analyzed, the disease, the size of the cohort (number of samples/
patients), the conditions of the CE-MS method, the annotation level
that was followed according to the compound identification work
group of the Metabolomics Society (i.e., ID confidence level) [18,19],
and the significant metabolites. Regarding the ID confidence level,
L1 requires the direct comparison with a commercial standard
analyzed under identical analytical conditions; L2 is a tentative
identification of the metabolite based on the similarity of physi-
cochemical properties such as retention time (RT) or migration
time (MT), which also requires a comparison of the MS/MS spec-
trum with a public/commercial spectral library; level 3 is a tentative
annotation obtained from the exact mass, isotopic distribution, and
the comparison of the metabolite MS/MS spectrum with its
chemical class and L4 pertains to unknown signals [19]. Recently,
an LO has been introduced, which requires full 3D structure and
stereochemical information [18].

The studies from Table 1 will be mentioned as examples
throughout the text.

3. Metabolomics workflow in CE-MS for untargeted analysis

With some differences, CE-MS follows almost the same work-
flow for untargeted analysis as LC-MS.

3.1. Sample treatment

The first step is sample treatment. Biological matrices such as
urine [20—23] or saliva [24—27] require almost no sample treat-
ment but a dilution. Ultrafiltration is typically only needed to
remove proteins in some water-rich samples, such as plasma
[28—37], or serum [38—49]. Other strategies, involving organic
solvents and water mixtures (e.g. for tissue homogenates), include
evaporation to dryness and re-constitution in water before the
analysis with CE-MS [50—53]. Regarding cells, metabolite content is
obtained after cell disruption by mechanical means such as a ho-
mogenizer, or non-mechanical means such as freezing and thawing
cycles [54—63] (Fig. 1A).

3.2. Sample analysis

Traditionally, different methods of separation in CE have been
reported; however, when coupled to MS for metabolomics,



Table 1

Untargeted and semi-targeted metabolomics studies to approach disease diagnosis using CE-MS.

No Sample type (Year)

Disease

Sample size CE conditions

MS conditions

Confidence level and ID

Significant metabolites (&) Ref.

1 Human plasma (2022)

SARS-CoV-2

N =57 (27 COVID-19  Capillary: Fused silica,

positive + 30 COVID-19 Voltage: +30 kV. Pressure: 25 mbar.
BGE: 1 M FA + 10% (v/v) MeOH. IS:

negative)
Methionine sulfone

ESI(++)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + ISF + RMT
compared to in-house library

N,-methyllysine, histidine, tryptophan, [28]
glycine, proline, aspartic acid, citrulline,

alanine, serine, creatine, 3-aminoisobutyric

acid, 2-aminoisobutyric acid, ADMA, SDMA
dimethylglycine, phenylalanine, kynurenine,
cystine and N-acetylneuraminic acid.

2 Human plasma (2021)

Parkinson disease (PD) N = 78 (39 pre-PD + 39 Capillary: Fused silica.

controls)

Methionine sulfone

Voltage: +30 kV. Pressure: 25 mbar.
BGE: 1 M FA + 10% (v/v) MeOH. IS:

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + ISF + RMT
compared to in-house library

2-aminobenzoic acid, 3-methoxytyrosine, [29]
pipecolic acid, serotonin and deoxyuridine
monophosphate.

3 Human plasma (2021)

Advanced
Neuroendocrine
Tumors (NETS)

N = 145 (77 patients
with NETs + 68
controls)

sulfone

Capillary: Fused silica. Pressure:
25 mbar. Voltage: +30 kV. BGE: 1 M
FA & 10% (v/v) MeOH. IS: Methionine

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + ISF + RMT (L3) -
m/z

(&) - (1) arginine, Arg-Val, SDMA, galactosyl- [30]
hydroxy-lysine, gamma-glutamyl-ornithine,
Glu-Ala, Glu-Arg, Glu-hyp, Glu-Lys/€-Glu-Lys,
glutamine, homocitrulline, Lys-Asp,
methionine S-oxide, N-acetyl-lysine,
pyroglutamine, Ser-hyp, Thr-Ala, Val-Leu,
acetylspermidine,
glucosylgalactosylhydroxylysine,
methylimidazole, nicotinamide N-oxide/
urocanate, 1-methyladenosine, norcotinine,
piperideine, serotonine, hypoxanthine, 8-
hydroxycarteolol and 5,6-dihydrothymine.
(1) aspartate, Cys-Gly, Cys-Gly disulfide,
cysteineglutathione disulfide, Gly-Pro,
iminodiacetic acid, No-methyl-lysine, No-
methylproline, Ng-acetyl-hydroxylysine,
ornithine, phenylalanine, Ser-Ala, Ser-Val,
Thr-Gly, 1-aminocyclohexanecarboxylic acid,
9-decenoylcarnitine, 8-hydroxycarteolol.

4 Human plasma (2021)

Metabolic syndrome
(MetS) in early
childhood

N = 456 (228 cases of
MetS + 228 controls)

tyrosine + '>Cg-glucose

Capillary: Fused silica.

Voltage: +30 kV. Pressure: 2 mbar/
min (pressure gradient). BGE:50 mM
NH4HCO5 (pH 8.5). IS: 3-chloro-1-

tyrosine and'3Cg-glucose

MSI-CE. Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA with
15% ACN (pH 1.8). IS: 3-chloro-i-

ESI(+)-TOF. SL:
60% (v/v) MeOH
—H,0 with 0.1%
FA + reference
masses
ESI(—)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses

(L1) - mass accuracy + RMT
compared to in-house
database + confirmed by
standards

(1) glucose, alanine, threonine, carnitine, [31]
tyrosine, and monomethylarginine. (| )
tryptophan and glutamine/glutamate.

5 Human plasma (2021)

Fontan procedure in
children with

univentricular hearts

N = 31 (14 patients
after the Fontan
procedure + 17
controls: 8 healthy and sulfonic acid.
9 patients after
biventricular repair)

Capillary: Fused silica.

sulfonic acid

Voltage: +30 kV. BGE: 1 M FA. IS:
Methionine sulfone + D-camphor-10-

Capillary: SMILE(+). Voltage: —30 kV.
BGE: 50 mM NH4Ac (pH 8.5). IS:
Methionine sulfone + D-camphor-10-

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:

5 mM NHyAc in 50%

(v/v) MeOH
—H,0 + reference
masses

(L1) -m/z + MT compared to
HMT metabolite

database + confirmed by
standards

(1) (1) hypoxanthine, methionine, [32]
phenylalanine, tryptophan (| ) arginine,

tyrosine and citrulline (increase in

Biventricular group). (1) 2-oxoglutaric acid,
cis-aconitic acid, gluconic acid, isocitric acid,

lactic acid, malic acid.

6 Human plasma (2020)

Very preterm infants

(VPI) with
extrauterine growth
restricted (EUGR)

N =51(29
corresponded to
preterm babies with
weight at discharge
over the 10th percentile
for postmenstrual

age + 22 to EUGR
patients)

Capillary: Fused silica.

Voltage: +30 kV. Pressure: 25 mbar.
BGE: 1 M FA. IS: Methionine sulfone

ESI(++)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses

(L1) - m/z + RMT compared to
in-house library + confirmed
by standards

(&) - Markers related to amino acid [33]
metabolism, particularly branched-chain
amino acids, and changes in lipid species.

(continued on next page)
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Table 1 (continued )

No Sample type (Year)

Disease

Sample size CE conditions

MS conditions

Confidence level and ID

Significant metabolites (&) Ref.

7 Human plasma (2018)

Ossification of the

posterior longitudinal

ligament (OPLL)

N = 20 (10 patients Capillary: Fused silica.

with cervical OPLL + 10 Voltage: +30 kV. BGE: 1 M FA. IS: not

control subjects) available

Capillary: SMILE(+). Voltage: —30 kV.
BGE: 50 mM NH4Ac (pH 8.5). IS: not

available

ESI(+)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0

(L2) - m/z + MT compared to

HMT library

(&,1) - (1) Acylcarnitine (14:0), [34]
palmitoylcarnitine (18:2), fatty acid (24:2),
thyroxine, thiaproline in OPLL group.

8 Human plasma (2018)

Cachexia

N = 15 (8 cachectic + 7 Capillary: Fused silica.

non-cachectic patients) Voltage: +30 kV. Pressure: 25 mbar.
BGE: 1 M FA. IS: Methionine sulfone

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masseso

(L1) - m/z + RMT compared to

in-house library

(&) - (1) arginine, tryptophan, indolelactic ~ [35]
acid, threonine, lysophosphatidylcholines(O-
16:0), lysophosphatidylcholines(20:3), and
sphingolipids.

9 Human plasma & urine

(2019)

Phenylketonuria

(PKU): assessment of

dietary adherence &
nutritional
deficiencies

N = 22 PKU phenotype, MSI-CE. Capillary: Fused silica.

ESI(+)-QTOF. SL:

including patients with Voltage: +30 kV. BGE: 1 M FA and 15% 60% (v/v) MeOH

poor diet control (v/v) ACN at pH 1.8.1S: 3-

(plasma Phe >360 uM, chlorotyrosine, + naphthalene

n = 9) as compared to monosulfonic acid.
optimal diet adherence Capillary: COSMO(+).

(plasma Phe <360 pM, Voltage: —30 kV. BGE: 50 mM NH4Ac

n=7) (pH 8.5). IS: not available

with 0.1%

FA + reference
masses
ESI(—)-QTOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + RMT + tandem

MS/MS

(1) concentrations of tyrosine, arginine, 2-  [36]
aminobutyric acid, and propionylcarnitine in
plasma that were inversely correlated to
phenylalanine in non-adherent PKU patients.
(1) concentrations of catabolites indicative of
phenylalanine intoxication (phenylpyruvic
acid, phenylacetylglutamine,
hydroxyphenylacetic acid) in the urine
associated with poor dietary adherence
among PKU patients. PKU patients with poor
blood phenylalanine control had ( | ) excretion
of urinary compounds derived from co-
metabolism of tyrosine (cresol sulfate,
phenylsulfate), folic acid, and vitamin B12.

10 Human plasma & urine

(2019)

Rheumatoid arthritis

(RA)

N = 49 32 patients with Capillary: Fused silica.

active RA and 17 with Voltage: +27 kV. BGE: 1 M FA. IS:

inactive RA H3304-1004, HMT

Capillary: Fused silica.

Voltage: +30 kV. BGE: 50 mM NH4Ac

(pH 8.5). IS: not available

ESI(+)-TOF. SL:
Commercial
(H3301-1020,
HMT)
ESI(+)-TOF. SL:
Commercial
(H3301-1020,
HMT)

(L2) - m/z + MT compared to

HMT library

(1) (1) histidine and guanidoacetic acid in [37]
plasma and (1) hypotaurine in urine.

11 Human serum (2022)

Diet biomarkers in
pregnancy

N = 273 pregnant

trimester

MSI-NACE. Capillary: Fused silica.
women in their second Voltage: +30 kV. Pressure: 20 mbar.
BGE: 35 mM NH4Ac in ACN-MeOH

ESI(—)-TOF. SL:
80% (v/v) MeOH
—H,0 whit 0.5% (v/

—H,0—IPA (70:15:10:5, v/v/v/v) (pH v) NH4OH

9.5). IS: deuterated stearic acid.

(L1) - ID + QTF using

standards

0Odd-chain NEFAs (pentadecanoic and [38]
heptadecanoic acids) were associated with

intake of full-fat dairy products, as well as

with glucose intolerance. Moreover,
docosahexaenoic had a correlation to self-
reported fish/fish oil intake. On the other

hand, decanoic acid was weakly associated

with butter intake and myristic acid was
associated with intake of full-fat dairy

products.

12 Human serum (2022)

Gestational diabetes
mellitus (GDM)

N = 590 pregnant

MSI-CE. Capillary: Fused silica.

ESI(+)-QTOF. SL:

women (South Asia: 81 Voltage: +30kV.BGE: 1 M FA with15% 50% (v/v) MeOH

patients with

white European: 52
patients with

tyrosine.

vol ACN. IS: 3-chloro-L-tyrosine.
GMD + 218 controls;  MSI-CE. Capillary: Fused silica.
Voltage: +30 kV. Pressure: 2 mbar/
min (pressure gradient). BGE: 50 mM —H,0
GMD + 291 controls) NH.HCOs (pH 8.5). IS: 3-chloro-i-

—H,0 with 0.1% FA
ESI(—)-QTOF. SL:
50% (v/v) MeOH

(L2) - m/z, RMT, tandem MS/
MS (L4) - molecular formula,

RMT

(1) glutamic acid, propionylcarnitine, [39]
tryptophan, arginine, 2-hydroxybutyric acid,
3-hydroxybutyric acid, pyruvic acid, and 3-
methyl-2-oxovaleric acid were associated
with higher probabilities of GDM. Additionally
(1) glutamine, ornithine, oxoproline, cystine,
and glycine were inversely related to GDM. In
addition, (1) ratios of glucose/glutamine,
glucose/creatinine, glutamic acid/glutamine
and arginine/ornithine were found to be
predictors of GDM.
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13 Human serum (2022)  Nonalcoholic
Steatohepatitis
(NASH) (Metabolic

profiling)

N = 85 NASH patients

MSI-NACE. Capillary: Fused silica.
Voltage: +30 kV. BGE: 35 mM NH4Ac
in ACN-MeOH—H,0—IPA (70:15:10:5,
v/v/[v[v) (pH 9.5). IS: deuterated

stearic acid

ESI(—)-Orbitrap.

(L2) - m/z + RMT + MS/MS

SL: 80% (v/v) MeOH using LIPIDMAPS (L3) - m/z,

—H,0 whit 0.5% (v/
v) NH,OH

RMT

270 serum lipid features were reported, [40]
including phosphatidylcholines,
phosphatidylinositols,
phosphatidylethanolamines,

lysophosphatidic acids, bile acids and
prostaglandins

14 Human serum (2021)  Chronic kidney

disease (CKD)

N =24 (11
hemodialysis
patients + 13 Non-
hemodialysis with
CKD)

Capillary: Fused silica.

Voltage: +30 kV. BGE: 1 M FA. IS:
Methionine sulfone, MES, 3-
aminopyrrolidine and D-camphor-10-

sulfonic acid

Capillary: COSMO (+).

Voltage: —30 kV. BGE: 50 mM NH4Ac
(pH 8.5). IS: Methionine sulfone, MES
and D-camphor-10-sulfonic acid.

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses

ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H,0 + reference
masses

(L1) - m/z + RMT compared to
standards

Metabolites present only in hemodialysis [41]
patients (N-acetylneuraminic acid and

benzoate).

Thirty-eight compounds were found to be (1)

and 23 compounds (| ) compared to non-
hemodialysis patients with CKD.

15 Human serum (2021)  Musculoskeletal
diseases (Osteoporosis

& sarcopenia)

N = 729 (of which 35

patients developed
osteoporosis +39
recently diagnosed
with sarcopenia)

Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA. IS:
Methionine sulfone and D-camphor-

10-sulfonic acid.

Capillary: COSMO (+).

Voltage: —30 kV. BGE: 50 mM NH4Ac
(pH 8.5). IS: Methionine sulfone and
D-camphor-10-sulfonic acid.

ESI(-+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H,0 + reference
masses

(L1) - m/z + RMT compared to
standards

(1) serum glycine levels predicted the [42]
development of new osteoporosis within four
years, but not the development of sarcopenia.

On the other hand, (| ) serum taurine levels

were associated with the new development of
sarcopenia but not osteoporosis within four

years.

16 Human serum (2021) Liver fibrosis in
chronic hepatitis C

virus (HCV)

N =34 (20 HVC

patients + 14 controls)

MSI-CE. Capillary: Fused silica.
Voltage: +30 kV. Pressure: 2 mbar/
min (pressure gradient). BGE: 1 M FA
with15% vol ACN. IS: 4-chlorotyrosine
and naphthalene monosulfonic acid.
MSI-CE. Capillary: Fused silica.
Pressure: 2 mbar/min (pressure
gradient). Voltage: +30 kV. BGE:

50 mM NH.HCOs (pH 8.5). IS: 4-
chlorotyrosine and naphthalene

monosulfonic acid.

ESI(+)-TOF. SL:
60% (v/v) MeOH
—H,0 with 0.1% FA

ESI(—)-TOF. SL:
50% (v/v) MeOH
—H,0

(L1)- m/z + RMT compared to
standards

(1) choline, histidine, oxo-proline and [43]
glutathione were reported in HCV patients.

17 Human serum (2020)  Peripheral artery
disease (PAD)

N =38
PAD participants

clinically stratified into

chronic limb-
threatening ischemia
(CLTI,

n = 18) + intermittent

claudication (IC,
n = 20). Non-PAD
controls (n = 20)

MSI-CE. Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA with
13% vol ACN (pH 1.8). IS: not available.

MSI-CE. Capillary: Fused silica.
Voltage: +30 kV. Pressure: 2 mbar/
min (pressure gradient). BGE: 35 mM
NH4Ac (pH 9.5). IS: not available.
MSI-NACE. Capillary: Fused silica.
Voltage: +30 kV. Pressure: 20 mbar.
BGE: 35 mM NH4Ac in ACN-MeOH
—H,0—IPA (70:15:10:5, v/v/v/v) (pH

9.5). IS: not available.

ESI(+)-TOF. SL:
60% (v/v) MeOH
—H,0 with 0.1%
FA -+ reference
masses
ESI(—)-TOF. SL:
80% (v/v) MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
interface kit: 80%
(v/v) MeOH—H,0
whit 0.5%

NH4OH + reference
masses

(L1) - m/z + RMT, confirmed
with standards

(L2) - m/z + RMT (L4) -
unknowns by molecular
formula

(1) creatine, histidine, lysine, oxoproline, [44]
monomethylarginine, and (1)
phenylacetylglutamine in PAD patients CLTI

cases exhibited (1) of carnitine, creatinine,
cystine, trimethylamine-N-oxide, and (|)

fatty acids. The ratio between stearic acid to
carnitine, and arginine to propionylcarnitine
dierentiated on CLTI from IC.

(continued on next page)
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Table 1 (continued )

No Sample type (Year)

Disease

Sample size CE conditions

MS conditions Confidence level and ID

Significant metabolites (&) Ref.

18 Human serum (2019)

Rheumatoid arthritis
(RA)

N = 43 RA patients Capillary: Fused silica.

were classified to have Voltage: +30 kV. BGE: commercial
buffer (H3301-1001). IS: not available.

a good response,
moderate, or no
response, 12 weeks
after starting the
biological treatment
regimen. 14 of 26
patients in the TNF-a
inhibitors (TNFi) group
and 6 of 17 patients in
the abatacept (ABT)
group respondedto the
biologic treatment

1021). IS: not available.

Capillary: SMILE(+). Voltage: —30 kV.
BGE: commercial buffer (H3302-

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses
ESI(+)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + MT compared to
HMT library

(1) Five metabolites (betonicine, glycerol 3-  [45]
phosphate, N-acetylalanine, hexanoic acid and
taurine) as potential predictors of TNFi
responders, and three (citric acid, quinic acid,

and 3-aminobutyric acid) as predictors of ABT
responders.

19 Human serum (2019)

Future onset of
coronary artery
disease (CAD) in
patients with type 2
diabetes mellitus

N = 55 (16 subjects not available
who suffered from a

CAD event during the

observation

period + 39 non-CAD

subjects who were

matched to the CAD

group)

ESI(+)-TOF. SL: not (L2) - m/z + MT compared to
available HMT library

(1) (1) pelargonic acid, glucosamine: [46]
galactosamine, thymine, 3-hydroxybutyric

acid, creatine, 2-aminoisobutyric acid,
hypoxanthine in the CAD group compared

with the non-CAD group.

20 Human serum (2019)

Overactive bladder
(OAB)

N = 58 (32 control + 26 Capillary: Fused silica.
OAB)
HMT. IS: H3304-1004, HMT.

Capillary: SMILE (+). Voltage: —30 kV.
BGE: H3302-1021. IS: not available.

Voltage: +30 kV. BGE: H3301-1001

ESI(+)-TOF. SL:
Commercial
(H3301-1020,
HMT)
ESI(+)-TOF. SL:
Commercial
(H3301-1020,
HMT)

(L2) - m/z + MT compared to
HMT library

(1) (1) glutamate, arginine, glutamine and [47]
inosine monophosphate. (| ) asparagine and
hydroxyproline.

21 Human serum (2019)

Nocturia

N = 66 (45 with

Capillary: Fused silica. Voltage: not
nocturia +21 controls) available. BGE: commercial buffer
(H3301-1001). IS: not available.
Capillary: Fused silica. Voltage: not
available. BGE: commercial buffer
(I13302-1023). IS: not available.

ESI(+)-TOF. SL: not (L2) - m/z + MT compared to
available HMT library

ESI(+)-TOF. SL: not
available

(1) (1) lauric acid and imidazolelactic acid, and [48]
(1) thiaproline and glycerol.

22 Rat serum (2022)#

Treatment for
rejuvenation in aged
rats with human
placenta-derived
mesenchymal stem
cells (hPD-MSCs)

N = 48 female treated
rats (24 treated with
hPD-MSC + 24
controls)

Capillary: Fused silica.

available

Capillary: Fused silica.

Voltage: +30 kV. BGE: 50 mM NH4Ac

(PH 7.5). IS: MES.

Voltage: +27 kV. BGE: 1 M FA. IS: not SL: NH4Ac (5 mM)

ESI(—)-Orbitrap.  (L2) - m/z + MT compared to
HMT library
in 50% (v/v) of

MeOH

—H,0 + reference

masses

ESI(—)-TOF. SL:

NH4Ac (5 mM) in

50% (v/v) of MeOH

—H,0 + reference

masses

(1) (1) 3-hydroxybutyric acid, glycocholic acid, [49]
and taurine associated with health and

longevity, and increased after stimulation of
hPD-MSCs.

23 Human dried blood spot Cystic fibrosis (CF)

(2019)

N = 80 Normal birth
weight CF neonates

without meconium (v/v) ACN at pH 1.8.IS: 3-

ileus chlorotyrosine, and naphthalene

(n = 36) + gestational monosulfonic acid.
age/sex-matched
screen-negative

controls (n = 44)

MSI-CE Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA and 15% 60% (v/v) MeOH

ESI(+)-QTOF. SL:  (L1) - m/z + RMT compared to
standards + confirmed by
standards Structural
elucidation of unknowns by

tandem MS/MS

—H,0 with 0.1%
FA -+ reference
masses

CF-specific biomarker candidates included [122]
several amino acids (|) in circulation

(tyrosine, serine, threonine, proline, glycine).
Additionally, CF neonates had (| ) ophthalmic

acid and (1) of an unknown trivalent peptide.
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24 Human urine (2022)

Colorectal cancers
(CRCs)

N = 284 (36 healthy
controls, 34 adenoma,
214 CRC samples)

Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA. IS:

Methionine sulfone.

Capillary: COSMO (+).
Voltage: —30 kV. BGE: 50 mM NH4Ac
(pH 8.5). IS: D-camphor-10-sulfonic

acid.

ESI(+)-TOF. SL:
50% (v/v MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + RMT compared to Biomarkers validation. The metabolites, - [20]

standards

guanidinobutyrate, asparagine, 3-
methylhistidine, 1-methyladenosine, 3-
hydroxybutyrate, N-acetylglutamate,
hippurate, methionine, 7,8-dihydrobiopterin
and sebacate, showed the greatest predictive
ability.

25 Human urine (2021)

Acute kidney injury
(AKI)

N = 121 two groups.
Group 1 (14 severe AKI
patients, 24 mild AKI
patients, 23 controls).
Group 2 (20 mild AKI
patients, 40 controls)

Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA. IS:
Methionine sulfone and 3-

aminopyrrolidine.

Capillary: COSMO (+
Voltage: —30 kV. BGE: 50 mM NH4Ac
(pH 8.5). IS: D-camphor-10-sulfonic

acid and MES.

ESI(+)-TOF. SL:
50% (v[v) MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H,0 + reference
masses

(L1) - m/z + RMT compared to
standards (L4) - m/z + RMT

predicted by (ANNs)

512 known metabolites were [21]
quantified + identified 155 unknown peaks.
Glycine, urea, uric acid, ethanolamine,

glutamine, N,N-dimethylglycine were found

to be significantly (| ) in subjects with mild or
severe AKI compared to those without AKIL
Significant metabolites in group 2 (piperidine,
taurine, methanesulfonate, 3-
hydroxykynurenine).

26 Human urine (2021)

Inflammatory bowel
disease (IBD) in
pediatric patients

N = 26 (18 Crohn's
disease (CD)

patients + 8 Ulcerative
colitis (UC) patients)

MSI-CE. Capillary: Fused silica.

ESI(-+)-QTOF. SL:

Voltage: +30 kV.BGE: 1 M FA with15% 60% (v/v) MeOH

vol ACN (pH 1.8). IS: 3-chloro-1-
tyrosine and 2-naphthalenesulfonate
MSI-CE. Capillary: Fused silica.
Voltage: +30 kV. Pressure: 2 mbar/
min (pressure gradient). BGE: 50 mM
NH4HCOs (pH 8.5). IS: 3-chloro-1-
tyrosine and 2-naphthalene-sulfonate

—H,0 with 0.1%
FAo

ESI(—)-QTOF. SL:
50 mM NH4Ac in
50% (v/v) of MeOH
—H,0

(L1) - spiking pooled urine
with standards(L2) - m/

Z + MS/MS spectral

comparisons to public
databases (L3) - fragment ions

and neutral losses

(1) urinary indoxyl sulfate, hydroxyindoxyl [22]
sulfate, phenylacetylglutamine and sialic acid
reported in CD patients compared with UC,

while (| ) threonine, serine, kynurenine, and
hypoxanthine.

27 Newborn human urine
(2021)

Neonatal

encephalopathy (NE)

N = 279 two groups 33
pathological + 22
controls (35 samples
were collected before
therapeutic
hypothermia (HT), 44,
52, 53, 53 + 42 were
collected at 12, 24, 48,
72, and 96 h)

Capillary: Fused silica.
Voltage: +30 kV. Pressure: 25 mbar.
BGE: 1 M FA and 10% (v/v) MeOH. IS:

Methionine sulfone

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses

(L2) - m/z + RMT compared to

in-house library

(&) - Post 24 h of HT, a stable disease scenario [23]
emerged characterized by 4—8% alterations in
metabolic features related to lipid

metabolism, cofactor and vitamin

metabolism, glycan biosynthesis and

metabolism, amino acid metabolism, and
nucleotide metabolism.

28 Cell media (2021)

Respiratory allergies

N = 18 (Apical and
basolateral cell media
from calu-3 cells (line
cell from lung
adenocarcinoma
patients) exposed to
allergens Der p 1 or Ole
elandPBSat2and7
days of growth, n = 3/
group)

Capillary: Fused silica.
Voltage: +30 kV. Pressure: 25 mbar.
BGE: 1 M FA and 10% (v/v) MeOH. IS:

Methionine sulfone

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses

(L1) - spiking with standards

(L3) - m/z

On day 2, t-glutamic acid, -isoleucine, L~ [63]
kynurenine, .-methionine, L-tyrosine, L-
tryptophan, and r-valine were (1) in the apical
compartment after exposure to Der p 1. On

other hand, on day 7, the (1) metabolites were
L-alanine, L-arginine, L-glycine, .-glutamine, -
glutamine, L-isoleucine, and L-methionine.

29 Human cells (2021)

Malignant pleural

mesothelioma (MPM)

N = 24 (two cell lines:
parental and resistant
cells, treated with
pemetrexed and
controls, n = 6/group)

Capillary: Fused silica.
Voltage: +30 kV, BGE: 1 M FA. IS: D-
camphor-10-sulfonic acid

Capillary: SMILE (+). Voltage: —30 kV,
BGE: 50 mM NH4Ac (pH 8.5). IS: D-
camphor-10-sulfonic acid

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H30 + reference
masses

(L2) - m/z + RMT compared to

standards

(1) deoxyuridine monophosphate metabolite [59]
in pemetrexed-treated parental cell lines. On

the other hand, deoxythymidine

monophosphate was (1) in the pemetrexed-
treated resistant cell lines. Furthermore,
deoxythymidine triphosphate was (| ) in both
parental cell lines after PMX treatment.

(continued on next page)
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Table 1 (continued )

No Sample type (Year)

Disease

Sample size

CE conditions

MS conditions

Confidence level and ID

Significant metabolites (&)

Ref.

30 Human cells (2021)

Epithelial
—mesenchymal
transition (EMT)

N = 24 Non-small-cell

lung cancer (NSCLC)
cell lines (A549,

Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA. IS:
Methionine sulfone, ethane sulfonic

HCC827, H358). Treated acid, and D-Camphor-10-sulfonic acid

with transforming
growth factor-f and

Capillary: SMILE (+). Voltage: —30 kV.
BGE: 50 mM NH,Ac (pH 8.5). IS:

controls (TGF-B) (n = 4/ Methionine sulfone, ethane sulfonic

group)

acid, and D-Camphor-10-sulfonic acid

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H,0 + reference
masses

(L1) - ID + QTF — m/z + MT
compared to standards

The significant metabolites resulting from the [60]

comparison of TGF-B-treated and untreated
cells were 49, 45 and 56 compounds for A549,
H358 and HCC827 cells correspondingly. In
A549 cells treated with TGF-B (1) aspartic
acid, glutamic acid, and lysine, and (| ) alanine,
asparagine, citrulline, glutamine, glycine,
histidine, hydroxyproline, isoleucine and
leucine, proline, threonine and tyrosine.

31 Human cells (2021)

Tumor growth and
metastasis

N = 16 Tumor (B16F10) Capillary: COSMO (+).

and nontumor (ASF 4-

1) cells treated with

petasin (PT) or DMSO

(n = 3/group)

Voltage: —30 kV. BGE: 50 mM NH4Ac
(pH 8.5). IS: Methionine sulfone, MES
and D-camphor-10-sulfonic acid

ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H,0 + reference
masses

(L1) - ID + QTF — m/z + RMT (1) serine, asparagine, putrescine, and 4-
methyl-2-oxopentanoate metabolites in PT-
treated B16F10 cells. (| ) UTP, GTP, dCTP, ATP,
S7P, UDP-glucose, CMP-Neu5Ac, UDP-GIcA,
UDP-GIcNAC, aspartate, citrate, SAM™ in
B16F10 cells treated with PT.

compared to standards

[54]

32 Human cells (2021)

Breast cancer

N = Not specified MCF-

7-E10 breast
carcinoma, type 1

(EDR1), type 2 (EDR2)

cells

Capillary: Fused silica.
Voltage: +30 kV. BGE: 1 M FA. IS: D-
camphor-10-sulfonic acid

Capillary: SMILE (+). Voltage: —30 kV.
BGE: 50 mM NH4Ac (pH 8.5). IS: D-
camphor-10-sulfonic acid

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H,0 + reference
masses

(L2) - m/z + MT compared to
standards

(1) leucine, isoleucine, methionine, histidine, [61]

tyrosine, tryptophan, phenylalanine, and
valine in EDR1 and 2 cells compared to E10.

33 Human cells (2021)

Breast cancer

N = Not specified MCF-
7 cells Overexpression

of LAT1 + MCF-7
Knockout of LAT1

Capillary: Fused silica.

Voltage: +30 kV. BGE: 1 M FA. IS:
Methionine sulfone, MES and D-
camphor-10-sulfonic acid

Capillary: SMILE (+). Voltage: —30 kV.
BGE: 50 mM NH4Ac (pH 8.5). IS:
Methionine sulfone, MES and D-
camphor-10-sulfonic acid

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) of MeOH
—H,0 and
reference masses

(L2) - m/z + RMT compared to
standards

(1) amino acid levels transported through
LAT1: leucine, isoleucine, and valine.

34 Human cells (2021)

Cancer treatment with N = 6 Cisplatin (CDDP)-
sensitive ovarian cancer
A2780 cells + CDDP-

resistant A2780cis cells

cisplatin

(n = 3/group)

Capillary: Fused silica.

Voltage: +30 kV. BGE: 1 M FA. IS:
Methionine sulfone, MES and D-
camphor-10-sulfonic acid

Capillary: COSMO (+).

Voltage: —30 kV. BGE: 50 mM NH4Ac
(pH 8.5). IS: Methionine sulfone, MES
and D-camphor-10-sulfonic acid

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NHAc (5 mM) in
50% (v/v) of MeOH
—H,0 + reference
masses

(L2) - m/z + RMT compared to
standards

[62]

Glutamine, glutamate and glutathione levels [55]

were significantly higher in A2780cis cells

than in A2780 cells.

35 Human cells (2019)

Prostatic cancer

Metabolization of [U
—13C]-glucose up to

very late time points
(0h,025h,4h,12h,
24 h, and long-term for

6 days performing
thereby 3 passages)
aiming to study the

metabolic reaction in

prostate tumor cells

Capillary: Fused silica.
Voltage: +27 kV. BGE: 1 M FA. IS: not
available

Capillary: COSMO (+).

Voltage: —30 kV. Pressure: 15 mbar.
BGE: 50 mM NH4Ac (pH 8.5). IS: not
available

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + MT compared to
HMT library

(1) UDP-GIcNAc and cystathionine were top
listed as potential crucial metabolic node in
prostate cancer cells.

The mass isotopologue distribution data of
UDP-GIcNAc may provide valuable clues for
underlying metabolic anomalies.

[56]
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36 Human cells (2018) Oral squamous cell N =3 in each condition. Capillary: Fused silica. Voltage: 30 kV. ESI(+)-TOF. SL: (L2) - m/z + MT using Within 90 min exposure to BA, () [57]
carcinoma (0OSCC) OSCC cells and human BGE: 1 M FA. IS: not available 50% (v/v) of MeOH standards from pre-sample intracellular concentrations of citrate, cis-
oral cells (control). Cells —H,0 + reference analysis aconitate, and iso-citrate to base-line level in
were incubated for 60, masses HSC-2 cells, whereas succinate, fumarate, and
90, and 30 min with Capillary: COSMO (+). ESI(—)-TOF. SL: malate are constant.
increasing Voltage: —30 kV. Pressure: 15 mbar. NH4Ac (5 mM) in
concentrations of BGE: 50 mM NH4Ac (pH 8.5). IS: not  50% (v/v) MeOH
sodium-5,6- available —H,0 + reference
benzylidene-L- masses

ascorbate (SBA),
Benzaldehyde (BA), or
sodium ascorbate (SA)

37 Mice cells (2021)# Small-cell lung N = 24 Two SCLC cell  Capillary: Fused silica. ESI(+)-Orbitrap.  (L2) - m/z + MT comparison (&, }) - 427 metabolites were quantified in  [58]
(model transplanted carcinoma (SCLC) lines (DMS 273, NCI Voltage: +30 kV. BGE: 1 M FA. IS: SL: 50% (v/v) MeOH with the HMT library which ADP levels had similar concentrations
subcutaneously with —H1048) with three Methionine sulfone, MES and D- —H,0 —+ reference in all groups. Inhibition of RRM1 (| ) deoxy-
human SCLC cells with different RRM1 camphor-10-sulfonic acid masses adenosine diphosphate and deoxyadenosine
in vivo siRNA inhibitions and a non- Capillary: COSMO (+). ESI(—)-Orbitrap. triphosphate level in both DMS 273 and
administration) targeting siRNA (n = 3/ Voltage: —30 kV. BGE: 50 mM NH4Ac SL: NH4Ac (5 mM) H1048 cells.

group) (pH 8.5). IS: Methionine sulfone, MES in 50% (v/v) of
and D-camphor-10-sulfonic acid MeOH
—H,0 + reference
masses
38 Human saliva (2022)  Lung cancer and N = 63 (42 patients Capillary: Fused silica. ESI(+)-TOF. SL: (L1) - standards (1) tryptophan while (1) choline, thymine, [24]
benign lung lesions  with lung cancer + 21 Voltage: +30 kV. BGE: 1 M FA. IS: 50% (v/v) MeOH cytosine, phenylalanine leucine, isoleucine,
patients with benign ~ Methionine sulfone, MES and D- —H,0 ~+ reference lysine, and tyrosine in patients with lung
lung lesions) camphor-10-sulfonic acid, 3- masses cancer versus patients with benign lung
aminopyrrolidine, and trimesate lesions.
Capillary: COSMO (+). ESI(—)-TOF. SL: Diethanolamine, cytosine, cytosine, lysine,
Voltage: —30 kV. BGE: 50 mM NH4Ac NH4Ac (5 mM) in and tyrosine were reported as potential
(pH 8.5). IS: Methionine sulfone, MES 50% (v/v) of MeOH biomarkers to distinguish lung cancer from
and D-camphor-10-sulfonic acid, 3- —H,0 + reference benign lung lesions.
aminopyrrolidine, and trimesate masses
39 Human saliva (2021)  Colorectal cancer N = 359 (276 patients MSI-CE. Capillary: Fused silica. ESI(+)-TOF. SL: (L1) - standards + tandem Biomarkers validation. Polyamines: [25]
with colorectal cancer, Voltage: +30 kV. BGE: 1 M FA. IS: 50% (v/v) of MeOH MS/MS spermidine, Ny-acetylspermidine, Ng-
26 patients with benign creatinine-d3 —H,0 ~+ reference acetylspermidine, spermine, Ny, Ng-
colorectal tumors, 57 masses diacetylspermidine, Ni-acetylspermine and
healthy controls) Capillary: Fused silica. Voltage: 30 kV. ESI(+) -QqQ. SL: ~ (L1) - m/z + isotope-labeled = Nj, Nq»-diacetylspermine.
BGE: 1 M FA. IS: creatinine-d3 NH4Ac (5 mM) in  standards<explanationend>

50% (v/v) of MeOH
—H,0 + reference

masses
40 Human saliva (2021)  Radiation therapy for N = 36 (6 patients Capillary: Fused silica. ESI(+)-TOF. SL: (L2) - m/z + RMT compared to (1) 3-aminoisobutyrate, 5-aminovalerate, [26]
head and Neck cancer classified as low- Voltage: +30 kV. BGE: 1 M FA. IS: 50% (v/v) of MeOH standards cytosine guanine, histidine, tyrosine,

grade + high-grade (3/ Methionine sulfone, MES and D- —H,0 + reference homoserine, N,N-dimethylglycine,
group), 4 sample camphor-10-sulfonic acid, 3- masses phenylalanine, and sarcosine in the high-
collection times: before aminopyrrolidine, and trimesate grade group compared to the low-grade group
radiation therapy, Capillary: COSMO (+). ESI(—)-TOF. SL: during the four collection times. Of these,
during the 20 Gy dose, Voltage: —30 kV. BGE: 50 mM NH4Ac NH4Ac (5 mM) in histidine and tyrosine highly discriminated
during the 40 Gy dose, (pH 8.5). IS: Methionine sulfone, MES 50% (v/v) of MeOH high-grade from the low-grade group before
and one week after the and D-camphor-10-sulfonic acid, 3- —H,0 + reference initiation of radiotherapy. (1) GABA and 2-
end of radiation aminopyrrolidine, and trimesate masses aminobutyric acid levels in the high-grade
therapy). group before radiotherapy.

(continued on next page)

‘ID 32 OUDIY-Za]DZU0D) ) “LOUSD]JIA 'Y ‘DIUDNH-IUDWDI ‘W

6v02L1 (£€20Z) 291 Ansuuay) pondjpuy ur spuaif



oL

Table 1 (continued )

No Sample type (Year)

Disease

Sample size CE conditions

MS conditions

Confidence level and ID

Significant metabolites (&) Ref.

41 Human saliva (2019)

Patients with bone
metastasis treatment
with BMAs
Osteonecrosis of the
jaw (MRONJ)

N = 35 Screening
cohort: Advanced
MRON] (n = 9) and
controls (n = 9)
Validation cohort:
Advanced MRON]J

(n = 8) and patients
without MRON] after
the use of BMAs as a
control group (n = 9)

Capillary: Fused silica.
available
Capillary: COSMO (+).

(pH 8.5). IS: not available

Voltage: +30 kV. BGE: 1 M FA. IS: not

Voltage: —30 kV. BGE: 50 mM NH4Ac

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0 + reference
masses

(L1) - m/z + RMT compared to (1) histamine, 3-(4-hydroxyphenyl) [27]

standards + confirmed with
standards

propionate, malonate, carnosine, and
hypotaurine in the MRON]J group in the
screening cohort. (1) hypotaurine and
malonate in MRON] patients, although only
hypotaurine was significant in the validation
cohort.

42 Human tissue (2021)

Esophageal squamous
cell carcinoma (ESCC)

N = 56 (ESCC tissues  Capillary: Fused silica.

and paired para-cancer Voltage: +27 kV. BGE: 1 M FA. IS:
Methionine sulfone and D-camphor-
10-sulfonic acid (HMT, H3304-1002)

tissues from 28 ESCC
patients)
Capillary: Fused silica.

Voltage: +30 kV. BGE: 50 mM NH4Ac
(pH 8.5). IS: Methionine sulfone and
D-camphor-10-sulfonic acid (HMT,

H3304-1002)

ESI(-+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses

ESI(+) -QqQ. SL:
50% (v/v) of MeOH
—H,0 + reference
masses

(L2) - m/z + MT compared to
the HMT library

(&, 1) - (1) choline, phosphocholine, CDP- [50]
choline, ethanolamine,
phosphoethanolamine,
phosphatidylethanolamine, S-
adenosylmethionine, phosphatidylcholine,
arginine, asparagine, aspartic acid,
phenylalanine, proline, glutamic acid, glycine,
histidine, lysine, methionine, tryptophan,
tyrosine, serine, threonine, isoleucine, leucine,
and valine in ESCC tissues compared to para-
cancer tissue.

43 Human tissue (2020)

Gastric cancer (GC)

Cancer and adjacent
non-cancerous tissues
were obtained in a pair- available
wise manner from 140
patients with GC who
underwent
gastrectomy

Capillary: Fused silica.

available

Voltage: +30 kV. BGE: 1 M FA. IS: not

Capillary: SMILE(+). Voltage: —30 kV.
BGE: 50 mM NHjAc (pH 8.5). IS: not

ESI(+)-TOF. SL:
50% (v/v) of MeOH
—H,0 + reference
masses
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + MT compared to
HMT library

(1) (1) lactate and (| ) the adenylate energy [51]
charge in cancer tissues compared to non-
cancerous tissues. (| ) aspartic acid, B-alanine,
GDP, and glycine levels in patients with
recurrence than in those without.

44 Human tissue (2019)

Breast cancer

N = 20 Cluster-1: 5
benign, and 5 ductal
carcinoma in situ
(DCIS), and Cluster-2:
10 invasive ductal
carcinoma (IDC)

IS: not available

(pH 8.5). IS: not available

MSI-CE. Capillary: Fused silica.
Voltage: +30 kV.BGE: 1 M FA (pH 1.8).

MSI-CE. Capillary: Fused silica.
Voltage: +30 kV. BGE: 50 mM NH4Ac

ESI(+)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0
ESI(—)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0

(L1) - ID + QTF — using
standards

(1) Most affected pathways: pyrimidine, [52]
alanine, aspartate, glutamate, arginine, and
proline pathways.

45 Human tissue (2018)

Esophageal cancer

N = 35 Paired tumor
tissues (Ts) and non-
tumor esophageal
tissues (NTs), patients
with T1 or T2 disease

Capillary: Fused silica.

H3304-1002, HMT

T3 or T4 disease (pT3-
4))

Voltage: +30 kV. BGE: 1 M FA. IS:

Capillary: SMILE (+). Voltage: —30 kV.
(pT1-2) and those with BGE: 50 mM NH4Ac (pH 8.5). IS: PIPES

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + references
masses
ESI(+)-TOF. SL:
NH4Ac (5 mM) in
50% (v/v) MeOH
—H,0 + reference
masses

(12) - m/z + RMT

(1) (1) lactate Ts, (] ) citrate Ts, (] ) malic acid [53]
and citric acid pT3-4 and (| ) asparagine and
hydroxyproline.

46 Faeces (2022)

Fecal microbiota
transplantation (FTM)
as a treatment for
recurrent
Clostridioides difficile
infection (rCDI)

N = 6 of one patient Capillary: Fused silica.

with (CDI) and with six Voltage: +30 kV. BGE: 1 M FA. IS:

episodes in total, Methionine sulfone and 3-
samples were collected aminopyrrolidine

at (1st CDI, 3rd CD], 0, 2,

8 and 23 weeks after

FTM)

ESI(+)-TOF. SL:
50% (v/v) MeOH
—H,0 + reference
masses

(L2) - m/z + MT compared to
the HMT library

(&, 1) - 454 metabolites were detected [120]

including both techniques.
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47 Human in vitro Embryo N = 40 (blastocyst stage Capillary: Fused silica. ESI(+)-TOF. SL: (L1) - m/z + RMT compared to Asparagine, aspartic acid, glutamic acid, [102]
fertilization embryo preimplantation embryos (day 4 or 5,  Voltage: +30 kV. BGE: 15% acetic acid. 50% (v/v) MeOH standards isoleucine, proline, and tyrosine in
medium (2021) development n = 9); 8-cell stage IS: Methionine sulfone —H,0 + reference unfertilized oocytes compared with the other
embryos (day 3, masses groups. Asparagine and glutamine were
n = 11); undeveloped associated with higher developmental stages
embryos (n = 6); of blastocyst stage.

unfertilized oocytes
(n = 5); control
(medium with no
embryos, n = 9))

48 Human bile (2021) Pancreaticobiliary N = 10 (3 PBM patients Capillary: Fused silica. ESI(+)-TOF. SL: (L2) - m/z + RMT compared to Metabolites: isoleucine, phenylalanine, [103]
maljunction (PBM) without cancer of the  Voltage: +30 kV. BGE: 15% acetic acid. 50% (v/v) MeOH standards tyrosine, leucine, tryptophan, arginine, lysine,
biliary tract, 4 patients IS: Methionine sulfone —H,0 + reference valine, asparagine, methionine, aspartic acid,
with extrahepatic bile masses serine, threonine, histidine, glutamine,
duct cancer (EHBC) + 3 alanine, proline, glutamic acid, and pyruvic
control patients with acid were significant in PBM and EHBC
benign disease) patients compared to controls.

Chemical abbreviations: IPA: isopropanol, ACN: acetonitrile, MeOH: methanol, IS: internal standard, SL: sheath liquid, MES: 2-(N-morpholino)ethanesulfonic acid, NH4Ac: ammonium acetate, NHsHCOs: ammonium bicarbonate,
NH4OH: ammonium hydroxide, FA: formic acid.

Technique abbreviations: ID: identification and/or annotation, L, level of annotation by the compound identification work group of the Metabolomics Society [18,19], (&): metabolites reported from studies carried out using
multiplatform (metabolites are not exclusively from CE-MS); #: studies in animals validated or related with human samples, (i): semi-targeted metabolomic studies using the HMT services, ANNs: artificial neural networks, BGE:
background electrolyte, ESI: electrospray ionization, HMT: Human Metabolome Technologies, MSI-NACE: multisegment injection-nonaqueous-capillary electrophoresis, MSI-CE: multisegment injection-capillary electropho-
resis, MT: migration time, QTF: quantification, QqQ: triple quadrupole mass spectrometry, QTOF: quadrupole time-of-flight mass spectrometry, RMT: relative migration time, ISF: In-source fragmentation.

Metabolites abbreviations: ADMA: asymmetric dimethylarginine, ATP: adenosine 5'-triphosphate, CDP-choline: cytidine 5'-diphosphocholine, CMP-Neu5Ac: cytidine 5'-monophosphate-N-acetylneuraminic acid, dCTP: 2’-
deoxycytidine 5'-triphosphate, GABA: gamma-aminobutyric acid, GTP: Guanosine 5'-triphosphate, LAT1: large amino acid transporter 1, NEFAs: non-esterified fatty acids, RRM1: ribonucleotide reductase catalytic subunit M1,
S7P: sedoheptulose-7-phosphate, SAM: S-adenosylmethionine, SDMA: symmetric dimethylarginine, TOF: time-of-flight mass spectrometry, UDP-GIcA: uridine diphosphate glucuronic acid, UDP-GIcNAc: uridine 5’-diphospho-
N-acetylglucosamine, UDP-glucose: uridine 5'-diphosphate glucose, UTP: uridine 5’-triphosphate, Arg-Va: arginyl-valine, Glu-Ala: glutamyl-alanine, Glu-Arg: glutamyl-arginine, Glu-hyp: glycyl-4-hydroxyproline, Glu-Lys/€-
Glu-Lys: glutamyl-lysine/epsilon-(gamma-glutamyl)-lysine, Lys-Asp: lysyl-aspartic acid, Ser-hyp: seryl-hydroxyproline, Thr-Ala: threoninyl-alanine, Val-Leu: valyl-leucine, Cys-Gly: cysteinyl-glycine, Cys-Gly disulfide:
cysteinyl-glycine disulfide, Gly-Pro: glycyl-proline, Ser-Ala: seryl-alanine, Ser-Val: seryl-valine, Thr-Gly: threonyl-glycine, LAT1: L-type amino acid transporter 1, EDR: estrogen deprivation-resistant, ADP: adenosine 5'-
diphosphate, UDP-GIcNAc: uridine diphosphate-N-acetylglucosamine, and GDP: guanosine 5'-diphosphate.

Disease and/or treatment abbreviations: SARS-CoV-2: severe acute respiratory syndrome coronavirus 2, PD: parkinson disease, NETs: neuroendocrine tumors, MetS: metabolic syndrome, CKD: chronic kidney disease, HCV:
hepatitis C virus, NASH: nonalcoholic steatohepatitis, GDM: gestational diabetes mellitus, hPD-MSCs: human placenta-derived mesenchymal stem cells, AKI: acute kidney injury, CRC: colorectal cancer, IBD: inflammatory bowel
disease, CD: Crohn's disease, UC: ulcerative colitis, NE: neonatal encephalopathy, HT: therapeutic hypothermia, PBS: phosphate-buffered saline, MPM: malignant pleural mesothelioma, EMT: epithelial-mesenchymal transition,
NSCLC: non-small-cell lung cancer, TGF-f: transforming growth factor-f, PT: petasin, DMSO: dimethylsulfoxide, CDDP: cisplatin, SCLC: small-cell lung carcinoma, Gy: unit of ionizing radiation dose, ESCC: esophageal squamous
cell carcinoma, PBM: pancreaticobiliary maljunction, EHBC: extrahepatic bile duct cancer, CCA: cholangiocarcinoma, CF: cystic fibrosis, PKU: phenylketonuria, DCIS: ductal carcinoma in situ, IDC: invasive ductal carcinoma,
MRON]J: medication-related osteonecrosis of the jaw, BMAs: bone-modifying agents, OSCC: oral squamous cell carcinoma, SBA: sodium-5,6-benzylidene-L-ascorbate, SA: sodium ascorbate, BA: benzaldehyde, RA: rheumatoid
arthritis, TNFi: TNF-a inhibitors, ABT: TNFi, CAD: coronary artery disease, OPLL: ossification of the posterior longitudinal ligament, GC: gastric cancer, VPI: very preterm infants, EUGR: extrauterine growth restricted, PAD:
peripheral artery disease, PMX: pemetrexed, CLTI: chronic limb-threatening ischemia, IC: intermittent claudication, FTM: fecal microbiota transplantation, rCDI: recurrent Clostridioides difficile infection, OAB: overactive
bladder, Ts: tumor tissues, NTs: non-tumor esophageal tissues, pT1-2: patients with T1 or T2 disease, and pT3-4: T3 or T4 disease. (1): significantly increased metabolites, (| ): significantly decreased metabolites.

‘ID 32 OUDIY-Za]DZU0D) ) “LOUSD]JIA 'Y ‘DIUDNH-IUDWDI ‘W

6v02L1 (£€20Z) 291 Ansuuay) pondjpuy ur spuaif



M. Mamani-Huanca, A. Villasenor, C. Gonzalez-Riano et al.

applications with capillary zone electrophoresis (CZE) are used,
being normal polarity the most frequent by far. This methodology
uses a fused silica capillary, applies a positive voltage, and uses an
acidic BGE to separate highly polar metabolites that can be charged
positively (cations). These metabolites are later analyzed in the MS
using positive electrospray ionization (ESI+). As observed in
Table 1, the 48 applications for cations followed this method. On the
other hand, for the analysis of negatively charged metabolites
(anions), the use of a basic BGE containing a salt of ammonium
neutralizes anions by producing positively charged ammonium
adducts which can be measured by ESI+. This methodology was
employed in great part of the studies focused on anionic metabo-
lites [22,31,37,39,43,44,49,50,52]. In this way, normal CE separation
conditions were used for the analysis of anionic compounds. Other
methodologies have been developed, such as the cationic polymer-
coated capillaries COSMOS(+) [20,21,24,26,27,36,41,42,54—58] and
SMILE(+) [32,34,45,47,51,53,59—62] with a negative voltage
(reversed polarity). Both capillaries are coated with a cationic
polymer so that the electroosmotic flow (EOF) goes from the
cathode (-) to the anode (+). This leads the EOF in an opposite
direction to non-coated capillaries in a pH-independent manner.
With high reproducibility and a wide pH range of application, these
capillaries allow the separation of anionic metabolites such as
carboxylic acids, which migrate first when they are negatively
charged. Both combinations are then detected in negative ESI mode
(ESI-). Interestingly, a novel methodology using the polyvinyl
alcohol (PVA) capillary and acidic BGE with negative voltage has
been developed for analyzing anions and showed better results
than the fused silica capillary method for anions [64]. Worthy of
note is the fact that more than half of the studies listed in Table 1
reported the use of complementary modes of separation in CE-
MS for the analysis of anions and cations metabolites (33 out of
48). This strategy allows to obtain a more complete picture of the
polar/ionic part of the metabolome (Fig. 1B and C) [11,65,66].
Nonetheless, factors such as the BGE additives (e.g., the addition of
organic solvents), pH conditions, voltage value, and pressure are
adjusted uniquely in each methodology. In addition, other strate-
gies, such as the derivatization with trimethylmethaneaminophe-
nacetyl bromide, have been employed to increase the sensitivity
and repeatability of metabolites in low concentrations and have
enabled the analysis of carboxylic acid metabolites using normal
polarity in CE [65].

3.3. Data treatment

For data treatment, as LC-MS, the pipeline for CE-MS typically
consists of i) peak alignment, ii) peak picking, iii) filtering, iv)
normalization, v) statistical analysis, and vi) metabolite annotation/
identification (Fig. 1D) [67]. The main challenge when studying the
metabolome is the extensive and complex data sets that are ob-
tained after the experimental analysis. Consequently, user-friendly
computational data processing tools are needed to reprocess the
data and transform it into interpretable information. In comparison
with LC-MS, to date, all open-source and commercial software tools
are also helpful for CE-MS, with the difference in MT alignment
[68]. MT shifting usually occurs due to the proteins or molecules
that adhere to the capillary's inner wall during the worklist anal-
ysis. In addition, MT fluctuation strongly affects the peak alignment
and feature-building steps, thus hindering the identification of
unknown compounds. Consequently, a standardized approach is
needed to align MTs in CE-MS, a key step to overlying the profiles.
However, this limitation has been widely overcome in recent years
with the development of new informatic tools that align and cor-
rect the low reproducibility of MTs [69,70]. This is the case of the
software ROMANCE [71], a Python-based script by Huang et al. [72],
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and the MobilityTransformR package [73], which were specifically
created for CE-MS data [72,73]. Additionally, the vendor-software
Agilent MassHunter Profinder 10.0 allows the users to perform
electropherograms alignment [74].

Regarding the peak-picking process, it globally aims to find the
comigrating ions corresponding to the same molecule, which are
associated by their mass-to-charge ratio (m/z), charge-state, iso-
topic distribution, neutral loss (NL), dimmers, and/or the presence
of adducts [70]. This latter aspect can come from BGE composition
and/or the sample and it is a fundamental aspect to consider for CE-
MS, as it is common to find many different adducts such as
[M+Na]*, [M+K]*, and [M + NH4]*. For example, the addition of
acetate or formate to the BGE for ESI(—)-MS will lead to the for-
mation of [M + CH3COO]~ and [M + HCOO]™ adducts with a mass
difference of 60.0211 and 46.0054 Da, respectively, from the
[M — HJ] ion. This step entails great complexity due to the broad
range of peak intensities, sometimes poor separation of com-
pounds, and the resulting distorted peak shapes, leading to multi-
ple misassignments, especially since some metabolites can also
undergo in-source decay giving rise to multiple ion fragments
[75].Traditional LC-MS data software such as XCMS, MS-DIAL, and
MZmine can also be applied to CE-MS for all these workflow steps.
In the case of XCMS, the peak picking and alignment combined with
the Isotopologue Parameter Optimization (IPO) software can be
used to avoid false-positive peaks [76]. In a recent study by Hocker
et al,, the authors carried out MT alignment using ROMANCE and
then ran the data through MZmine and XCMS to reduce misalign-
ment and false positive features [77]. Also available for the pro-
cessing of CE-MS data is the web-based platform Metaboanalyst 5.0
[78], which offers an easy-to-use pipeline to carry out data pro-
cessing from raw data to the putative annotation of the MS peaks
considering mass accuracy, different adducts, and ion modes.
Another online software is Metandem, for MS-isobaric labelling-
based metabolomics, which provides a comprehensive pipeline for
metabolite quantification, normalization, statistical analysis, and
identification in the same software package. It is also the first omics
data analysis software to include functionalities to execute online
parameter optimization for customization. The developers
demonstrated the tool's suitability for UHPLC—MS/MS, nano LC-
MS/MS, CE-MS/MS, and matrix-assisted laser desorption/ioniza-
tion (MALDI)-MS platforms [79]. Interestingly, a ROMANCE update
showed the flexibility of uploading different data types and for-
mats, measurement conditions, and the possibility of performing
metabolite quantification [80]. Regarding the MobilityTransformR
package [73], it allows the researcher to work with the data ob-
tained in CE-MS directly in the programming language called R,
saving the need for using multiple software.

In our experience, data filtration is essential to avoid signals that
do not correspond precisely to metabolites. To this day, there is no
software that can filtrate the compounds appearing together with
the high concentration of salts that appear at the beginning of the
electropherograms or assign the my/z values that correspond to
fragments. Attempting to prove the robustness of CE-MS as a
unique tool in metabolomics, a recent study proposed 13 inde-
pendent laboratories spread across 11 countries in 2 continents to
analyze the same batch of samples, which consisted of human
plasma and urine spiked with the same representative metabolite
mixture; and to compare relative MT (RMT) versus effective elec-
trophoretic mobility (uef) as criteria for metabolite annotation [81].
RMT is the result of a correction of MTs using an internal standard
(IS) such as methionine sulfone, procaine, and paracetamol (addi-
tional IS can be observed in Table 1) [70]. The authors demonstrated
that regardless of the massive heterogeneity in experimental con-
ditions, instrumental platforms, and users involved in the trial, the
conversion of MTs into uegreduced variability below 10.9% and 3.1%
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Fig. 1. Overview of CE-MS workflow for the untargeted analysis of polar and ionic metabolites. A) Diagram of sample treatment. B) Sample analysis showing the CE-MS instru-
mentation. C) Acquisition of cationic and anionic profiles in CE-MS. D) Data treatment steps. E) Annotation tools used for CE-MS; algorithms for RMT and MT prediction, and
databases (online and in-house). F) Annotation obtained by the fragmentation pattern using in-source fragmentation and tandem MS/MS. Figure created with Biorender.com.

for RMT and p.f, respectively, maintaining a standardized condition
of BGE.

Finally, the last step before biological interpretation is metabo-
lite annotation. Given the importance of this step and the fact that it
is crucial to obtain reliable results we will describe it in depth in the
next section.

4. Metabolite annotation: Annotation tools in CE-MS for
untargeted analysis

Currently, there are multiple databases to facilitate metabolite
annotation. However, we can face two different and tricky scenarios
during this process: we can obtain from dozens to thousands of
potential candidates, or no match at all [67].The most common
mass analyzers for CE-MS are the time of flight (TOF) and hybrid
mass analyzers such as quadrupole TOF (QTOF). TOF provides high
mass resolution and mass accuracy, allowing the elemental com-
positions of the metabolites to be determined from their isotopic
patterns [69,82]. However, with the use of TOF in CE-MS, one of the
main limitations was the impossibility of performing tandem mass
spectrometry (MS/MS), and with QTOF, the MS/MS experiments
with metabolites present in low quantities are hindered by the low
sensitivity of the fragments [70]. This is why most CE-MS applica-
tions employ TOF (Table 1), and only a few use QTOF [20,39],
Orbitrap [38,58] and triple quadruple (QqQ) [25,50] mass analyzers
[2]. Besides mass accuracy, the traditional method for metabolite
annotation in CE-MS has been the comparison of MTs or peg, m/z
values; and RMT of the metabolite in the sample with the authentic
standard, both analyzed under the same analytical conditions. This
annotation has then been confirmed by adding the standard to the
sample and observing the increase of the corresponding peak.
However, this method is not always possible to carry out due to the
lack of commercial standards. All in all, new improvements in
annotation by CE-MS have been developed recently and have led
CE-MS to a more robust and promising technique [71,81,83] (Fig. 1E
and F).
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4.1. Computational alternatives and in-house libraries of effective
electrophoretic mobility and relative migration time

Some researchers have developed different computational
methods to predict MTs and RMTs of metabolites to assist in the
annotation and identification process (Fig. 1E). Specifically, from
2005 to 2010, several research groups showed that their methods
helped to annotate certain features (including low-abundance un-
knowns) to a candidate from an online database [84—86]. These
prediction methods are based on algorithms such as artificial
neural networks (ANNs), computational simulations (Hubbard-
Onsager model and Simul 5.0), and support vector regression (SVR)
(Fig. 1E). The most recent one has allowed to predict the MTs of up
to 2938 compounds included in the Human Metabolome Database
(HMDB) and has been validated using 375 standards, obtaining a
correlation coefficient of 0.905 [86]. Then, in 2017, a chemo-
informatic approach using random forest regression to identify
unknown signals was presented [87]. This strategy allowed the
annotation of 197 metabolites in human urine samples; both gly-
cocyamidine and N-acetylglycine were described for the first time
using this method.

Open-access data repositories for untargeted metabolomics are
indispensable for metabolomics research (Fig. 1E). Soga and co-
workers reported the first in-house library in 2003, showing
experimental RMT values from 352 standards [88]. In 2018 and
2020, two research groups built up the mass spectrometry
metabolite library by analysing multiple standards obtained from
two commercial vendors (IROA technologies and Sigma-Aldrich)
and published experimental pegs values for 276 and 458 com-
pounds respectively, including xenobiotics and endogenous me-
tabolites [81,89]. Two different CE-MS platforms and conditions
were used in each study. In the first study, normal polarity in CE and
positive ionization mode in a CE-ion trap-MS were used [89],
whereas in the second one normal and reversed polarities in CE and
positive and negative ionization modes in CE-QTOF-MS were
employed [81]. The results of both in-house libraries were reported
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in Excel files. In 2021, Mamani-Huanca et al. presented an in-house
library containing RMTs and m/z values for 226 standards of purely
endogenous metabolites showing the annotation for more than
2000 features obtained from their analysis, including in-source
fragmentation information, multicharged ions, and adducts [83].
These were analyzed in normal polarity in CE and positive ioniza-
tion mode in a CE-TOF-MS. All the obtained data were incorporated
to the CEU Mass Mediator online tool under the “CE-MS search”
section (Fig. 1E) [83].

4.2. In-source fragmentation as a tool for metabolite annotation

Using these computational tools and in-house experimental li-
braries help select the most likely candidate in the first tentative
annotation step. However, annotation in untargeted metabolomic
studies is much more complex. This is due to the presence of a large
number of unknown signals [90,91] and the need for a high con-
fidence level required for proper biological interpretation. While
accurate mass enables the chemical characterization only at a for-
mula level, tandem MS/MS experiments provide structural char-
acterization. The information obtained from the MS/MS spectra
allows rapid and accurate identification by comparing them to the
MS/MS spectra of standards. However, these fragmentation li-
braries are still incomplete. Although computational methods have
been developed to simulate MS/MS spectra by performing theo-
retical fragmentations (in silico), validation of the identification is
necessary whenever it is possible [92].

Novel approaches have been developed to help in this matter.
This is the case of the use of in-source fragmentation (ISF) for
metabolite annotation (Fig. 1F). ISF, also known as in-source colli-
sion-induced dissociation (IS-CID), is an involuntary phenomenon
that occurs naturally in the ionization sources at atmospheric pres-
sure. This is the case of ESI, the most widely employed ionization
source for LC-MS and CE-MS [93], and although it is considered one
of the mildest ionization sources, it generates fragments from the
parent ions. The ISF is the result of the vibrational excitation of ions
produced in the intermediate pressure region between the atmo-
spheric pressure source, and the inlet cone (skimmer) of the high
vacuum of the MS [94]. Generally, the m/z signals produced by ISF
belong to fragments, artifacts, and contaminants and these signals
are often unknown because they are not considered in the annota-
tion databases [95—98]. Although ISF cannot be avoided, it has been
proved that the obtained fragment ions provide critical information
for structural elucidation, mainly when single-stage mass analysers
such as TOF are being used [99]. Moreover, this fragmentation can be
forced intentionally by increasing the fragmentor voltage (e.g.,
200 V), obtaining fragments for metabolite annotation. In this way,
pseudo-MS/MS spectra produced by the ISF are demonstrated to be
very similar to those obtained with typical MS/MS experiments at a
QTOF [100]. In addition, these fragmentation patterns are indepen-
dent of the biological matrix. It is crucial to consider that in ISF, the
metabolite of interest cannot be isolated before fragmentation;
consequently, the acquired spectrum contains numerous signals.
Thus, data treatment is essential to obtain an accurate annotation, as
Godzien et al. exemplified: they proposed a correlation method with
the aim of clustering the fragment signals and their parent ion
produced in ISF [101]. As observed in Table 1, most of the studies
applied at least two or more experimental characteristics such as m/z
or mass accuracy, RMT, tandem MS/MS or ISF to assign an annotation
(Fig. 1E and F). Additionally, some studies reported the use of in-
house libraries to carry out their metabolite annotation [28,29,31].
In any case, commercial standards are the main procedure used to
confirm the identities of the metabolites [20—22,24—26,38,41—43,
54,55,59—62,102,103].
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4.3. Example of new annotations in CE-MS: modified amino acids

One of the main objectives of untargeted metabolomic studies is
the annotation of metabolites which are expressed differently in
pathological conditions. For example, symmetric dimethylarginine
(SDMA) and asymmetric dimethylarginine (ADMA) are metabolites
associated with renal and cardiovascular disorders, respectively
[104]. These metabolites arise from modifying an amino acid,
specifically from the methylation of arginine [104]. Proteinogenic
amino acids constitute the structure of proteins. These, in turn,
undergo post-translational modifications (PTMs), and when these
are degraded, they generate modified amino acids (MAAs) [105].
Consequently, MAAs are involved in different pathologies. Hence
the importance of the identification of MAAs. However, these me-
tabolites are often annotated as unknown because many of these
amino acid modifications remain to be discovered.

In a recent study, a strategy for the identification of MAAs was
developed. The workflow for annotation uses the analysis of a
sample or quality control after the untargeted analysis worklist
with higher fragmentation voltage (e.g., 200 V) in the fragmentor,
because for fragment formation an excess of energy is required.
This study extensively described the fragmentation mechanisms of
20 proteinogenic amino acids. The authors used characteristic ions,
known in proteomics as diagnostic ions (DIs), for the unequivocal
annotation of metabolites. In the case of the amino acids, these DIs
are produced by sequential losses of H,O and CO to eventually
generate the immonium ion [M + H—H,0—CO]™ except for argi-
nine and lysine. This way, specific ions were obtained for each
modification of the amino acids and were characterized by the sum
of the DI and the modification group. For example, for lysine
methylation, the specific ion of m/z 98.0962 was observed, resulting
from the sum of m/z 84.0811 (DI of lysine) plus the modification
(methyl group 14.0157 Da); while for acetylation, the addition of
the acetyl group to the DI (+42.0106 Da) was observed which
provided a specific ion of m/z 126.0915. The new annotation of N,-
methyl-L-lysine demonstrated the potential of DIs for identifying
MAAs and their differentiation from their lysine methylated isomer
Ng-methyl-i-lysine in the kidney tissue of mice with urethral
obstruction. From these, m/z 98.0962 showed to be more intense in
Ny-methyl-i-lysine. Likewise, this strategy was applied to the
methylated forms of arginine, where asymmetric N,N-dimethyl-L-
arginine (ADMA) and symmetric N,N’-dimethyl-L-arginine (SDMA)
were showed to have different RMT and DIs leading to an un-
equivocal annotation. In this sense, the methodology would allow
the correct identification of these two isomers, in contrast to pre-
viously published literature where the identification is uncertain.
This strategy led to the identification of N-methylproline,
confirmed by the commercial standard, and N-trans-methylproline,
which could not be confirmed due to the lack of a standard [106].
Another interesting example of this strategy was the character-
ization of argininosuccinic acid's open and cyclic forms (ASA), an
immediate precursor of arginine, a substrate for urea, polyamines,
creatine-phosphate, and nitric oxide production. These forms of
ASA were not included previously in any database. In addition, the
authors highlighted that, for the correct determination of total
ASAs, the sum of all its forms should be considered to avoid the loss
of information related to each ASA [107].

5. Future perspectives: Single cell-CE and CE-ion mobility
(IM)-MS

CE-MS is a unique technique that various research groups have
taken to a higher level of application, such as single-cell analysis
and CE-IM-MS. Regarding single-cell metabolite profiling, the main
limitation is sensitivity, as up to this moment there is no process
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analogous to DNA amplification based on metabolites. However,
using precision microcapillaries, light microscopy and CE-MS, re-
searchers have succeeded in analysing single human cells such as
HeLa (RCB0007) [108], rat neurons [109,110], Aplysia californica
cells (from a sea slug) [111—114], and embryonic cells of Xenopus
laevis (South African frog) [115—118]. In the case of HelLa cells, the
study included the combination of the “nanoCESI” emitter with a
large-volume dual preconcentration strategy. The nanoCESI en-
ables sheathless ionization and minimizes the flow rate inside the
capillary. In addition, the large-volume dual preconcentration
sample is obtained by isotachophoresis and stacking, allowing an
injection volume of 1200 nL. Thus, a higher sensitivity is reached
than when using sheathless CE-MS alone [108].

There are various approaches for the use of a sheathless inter-
face, which has the main advantage of increasing sensitivity with
the same advantages as CE. With a sheathless interface it is possible
to obtain broader coverage of the metabolomic profile of samples
with low metabolite concentrations. Commercial capillaries made
of bare fused-silica with a porous tip emitter are used for this
purpose [115—117]. However, the robustness of this technology is
under scrutiny. Therefore, it is necessary to continue working on
the development of new interfaces that will help to increase the
sensitivity of CE.

On the other hand, IM-MS is a technique based on the charge (z),
shape, and volume of ions moving in the gas phase which calculates
the cross-collisional section (CCS) of metabolites, providing addi-
tional selectivity to the MS. Here, the CCS values represent the
effective area of the ion colliding with the molecules of a buffer gas
(He or Ny). Serge Rudaz's group evaluated CCS in CE-IM-MS as
complementary values for annotating metabolites in untargeted
metabolomic studies. The authors analyzed a total of 482 com-
pounds in ESI (+) and ESI (—) in normal and reversed polarity
demonstrating that the uer and CCS calculated with drift tube ion
mobility spectrometry and nitrogen as buffer gas (°TCCSy») values
were highly reproducible. Their advantage was that the CCS values
give an additional factor in the annotation. However, the coupling
to IM causes a decrease in the signal, reducing the number of
compounds detected by CE-MS [119].

6. Untargeted and semi-targeted metabolomics studies to
approach disease diagnosis using CE-MS

Whenever a study aims to diagnose a disease, the biological
sample is essential, and it is clear that less invasive samples continue
to be the most explored, such as plasma [28—32], serum [38—43],
and urine [20—22] (Table 1). This is because both blood and urine are
either non-invasive or barely so, and can provide a stable matrix for
the diagnosis. However, other interesting samples have been re-
ported, such as cells [54,55,58—62], saliva [24—27], tissue [50—53],
faeces [120], culture media [63], embryos [102], or bile [103,121]. In
addition, the type of sample should match the disease.

The illnesses studied are very diverse. They can be broadly clas-
sified as cancer —the most analyzed disease— [20,24—26,30,50,54,
55,58—62], metabolic-related disorders [31] including diseases such
as gestational diabetes [38]; peripheral artery disease (PAD) [44],
dietary interventions [36], and organ-related disorders such as lung
[24,58,60,63] or brain [30] diseases. As described in section 4.3, we
found several PTM metabolites reported, such as N2-methyllysine,
which has been described in SARS-CoV-2 and advanced neuroen-
docrine tumors [28,30]. Other PTM metabolites such as 1-
methyladenosine, dimethylglycine, N,-methylproline, Ng-acetyl-
hydroxylysine 3-methyl-2-oxovaleric acid, oxo-proline, N,N-dime-
thylglycine, Ni-acetylspermidine, Ng-acetylspermidine, N;,Ng-diac-
etylspermidine, Ny-acetylspermine and Ny, Nq»-diacetylspermine are
also shown in Table 1, demonstrating how relevant this type of
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metabolite is in the development of a disease. In addition, leucine
and isoleucine have been reported to be altered significantly in
various types of cancer, such as breast cancer [61,62], lung cancer
[24,60] and oral squamous cell carcinoma (OSCC). Based on our
experience, other amino acids, such as f-alanine, which was signif-
icant in gastric cancer, can be separated by CE-MS from o-alanine
and sarcosine, all isomers. Similarly, the separation of citrate, cis-
aconitate, and iso-citrate— statistically significant metabolites for
OSCC [57], can be achieved using CE-MS. Another example is the
analysis of GABA, which is significantly altered by radiotherapy in
head and neck cancer [26]. This metabolite can be separated from its
isomers [26] with this procedure.

An example of the maturity of the technique is the analysis of an
increasing number of samples per study: 9 out of 48 studies
included more than 100 samples [20,21,23,25,30,31,38,39,42]. 456
human plasma samples for metabolic syndrome (MetS) in early
childhood [31]; 273 from pregnant women [38] and 590 in another
study, also from pregnant women [39]; 729 samples for musculo-
skeletal disorders [42]; 284 and 359 samples for colorectal cancer
in independent studies [20,25]; and 279 for neonatal encephalop-
athy [23].

From the analyses in Table 1 it is interesting to note that three
studies —in pregnancy, non-alcoholic steatohepatitis, and PAD,
reported the analysis of ionic lipids using this technique and
showed phospholipids, bile acids, prostaglandins, fatty acids, and
acylcarnitines as potential markers [38—40].

Among all these interesting applications of CE-MS for disease
diagnosis collected in Table 1, we would like to highlight a study
that used CE-MS for fluxomics, performing a stable-isotope tracing
of [U—13C]-glucose in cells exposed to prostate cancer, showing the
kinetics to up to 6 h for more than 30 metabolites, all related to
energy and amino acid metabolism [56]. Interestingly, Human
Metabolome Technology (HMT) offers CE-MS services using a semi-
targeted methodology where, after obtaining the metabolomic
profile, metabolites are collected using an in-house library of
standards [34,37,45—48,51,56].

The study of the metabolome is complex because metabolites
vary greatly in physicochemical properties and abundance.
Different analytical techniques have been developed to cover as
much as of the metabolome as possible. In this sense, CE-MS rep-
resents a unique platform that allows the study of polar and ionic
metabolites in a complementary manner to other analytical tech-
niques. CE-MS is a platform that has reached a steady state in
untargeted analysis for the study of disease. To date, new tools have
been created exclusively for the analysis of CE-MS data, although
the traditional software tools for LC-MS have also been adapted to
this platform. Finally, new ways to annotate metabolites in CE-MS
have emerged, allowing the discovery of previously unknown
metabolites and making CE-MS a reliable analytical platform in
metabolomics. The MT shift characteristic of this technique requires
more careful annotation using more than one feature (m/z and mass
accuracy, RMT, MS/MS fragmentation, and/or ISF) for a reliable
annotation. All in all, these facts have made CE-MS an essential
platform capable of adding significant value to disease diagnosis
research.

7. Conclusions

CE-MS is an analytical platform that has evolved in recent years
to become a high-throughput method for untargeted metabolomics
analysis. It has become a powerful complementary tool in the study
of the metabolome and has been applied to the analysis of many
types of samples including blood (plasma and serum), urine, cells,
saliva, tissue, faeces and bile. In most cases, sample preparation is
minimal. In addition, the analysis in two separation modes (normal
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and reversed polarity) has increased the coverage of the polar and
ionic metabolome. In terms of data treatment, increasing solutions
have emerged to overcome the limitations of CE-MS, in particular
MT shifting and metabolite annotation. The latter is a bottleneck in
all untargeted metabolomic studies. Computational methods have
been developed specifically for annotation in CE-MS, including al-
gorithms for MT and RMT prediction, and databases (online and in-
house) for putative annotation, have been created. These annota-
tions have been validated by ion fragmentation using in-source
fragmentation, an alternative method to tandem MS/MS for TOF-
MS. Moreover, future directions point to the use of CE-MS in
novel applications such as single-cell analysis and CE-IM-MS to
increase isomer resolution and provide more accurate annotations.
Its use in disease diagnosis has been demonstrated by the 48
research articles published in the last five years.
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