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Abstract: Liquid chromatography-mass spectrometry (LC-MS) is the method of choice for the un-
targeted profiling of biological samples. A multiplatform LC-MS-based approach is needed to
screen polar metabolites and lipids comprehensively. Different mobile phase modifiers were tested
to improve the electrospray ionization process during metabolomic and lipidomic profiling. For
polar metabolites, hydrophilic interaction LC using a mobile phase with 10 mM ammonium for-
mate/0.125% formic acid provided the best performance for amino acids, biogenic amines, sugars,
nucleotides, acylcarnitines, and sugar phosphate, while reversed-phase LC (RPLC) with 0.1% formic
acid outperformed for organic acids. For lipids, RPLC using a mobile phase with 10 mM ammonium
formate or 10 mM ammonium formate with 0.1% formic acid permitted the high signal intensity of
various lipid classes ionized in ESI(+) and robust retention times. For ESI(−), the mobile phase with
10 mM ammonium acetate with 0.1% acetic acid represented a reasonable compromise regarding
the signal intensity of the detected lipids and the stability of retention times compared to 10 mM
ammonium acetate alone or 0.02% acetic acid. Collectively, we show that untargeted methods should
be evaluated not only on the total number of features but also based on common metabolites detected
by a specific platform along with the long-term stability of retention times.

Keywords: metabolomics; lipidomics; optimization; liquid chromatography; mass spectrometry;
mobile phase; modifiers; additives; LC-MS

1. Introduction

Over the last decade, liquid chromatography-mass spectrometry (LC-MS) has be-
come the most frequently used tool for analyzing polar and nonpolar metabolites [1].
Some of them, such as trimethylamine N-oxide [2], trimethyllysine [3], phenylacetylglu-
tamine [4], diacetylspermine [5], branched-chain amino acids [6], acylcarnitines [7], or
various lipid species [8,9], were reported as biomarkers of various diseases (see also the
reviews in [10,11]). However, the true breadth of a metabolome or lipidome cannot be
captured by a single instrumental platform because biological samples (e.g., plasma, serum,
tissues, and cells) could contain metabolites spanning over 40 orders of magnitude on the
predicted octanol/water partition coefficient (XlogP) scale and ranging from femtomolar
to millimolar concentrations [12]. Hence, in developing methods for metabolomics and
lipidomic analyses, the main task is to cover metabolites using as few platforms as possible
while maintaining the requisite precision, accuracy, and linear range for the metabolite
classes detected with the chosen platforms. Luckily, various LC-MS modes are available
to separate small molecules effectively, including different stationary phase chemistries,
compositions of mobile phase solvents, and mobile phase modifiers [1].

In metabolomics, reversed-phase liquid chromatography (RPLC) and hydrophilic in-
teraction chromatography (HILIC) are typical LC-based separation methods [13]. RPLC is
used to separate apolar to medium-polar metabolites, and HILIC is used to separate highly-
polar to medium-polar metabolites with a 15-50 min analysis time [14]. In lipidomics, in

Int. J. Mol. Sci. 2023, 24, 1987. https://doi.org/10.3390/ijms24031987 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24031987
https://doi.org/10.3390/ijms24031987
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-9728-3355
https://orcid.org/0000-0001-7034-4536
https://doi.org/10.3390/ijms24031987
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24031987?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 1987 2 of 14

addition to RPLC and HILIC [15], normal phase liquid chromatography (NPLC) and super-
critical fluid chromatography (SFC) are also options for lipid separation [16]. Usually, the
analysis time ranges between 15 and 60 min [17]. In addition, for large-scale metabolomics
and lipidomics studies, fast LC-MS methods (<10 min) are attractive to many researchers
because the analysis of over a hundred samples per day is feasible [18].

In this context, we systematically investigated the performance of RPLC and HILIC
columns under different chromatographic conditions during untargeted metabolomics
and lipidomics using different biological matrices. As a result, we aimed to increase the
metabolome and lipidome coverage and achieve fast and reproducible LC separation for
each investigated platform.

2. Results and Discussion
2.1. Untargeted Metabolomics

For untargeted metabolomics, we considered HILIC as a method of choice for evalua-
tion due to their advantages, such as the capability to retain highly polar or ionic metabolites
and their use of high organic content mobile phases, more compatible with electrospray
ionization-mass spectrometry (ESI-MS) compared to RPLC [14]. To this end, we used an
ACQUITY UPLC BEH Amide column (50 mm × 2.1 mm i.d.; 1.7 µm particle size) coupled
to an ACQUITY UPLC BEH Amide VanGuard pre-column (5 mm × 2.1 mm i.d.; 1.7 µm
particle size) and compared its performance using the same mobile phase solvent compo-
sition and with seven different mobile phase modifiers. Specifically, we tested modifiers
providing an acidic pH (10 mM ammonium formate with 0.125% formic acid; 0.1% formic
acid), a neutral pH (10 ammonium formate; 10 ammonium acetate), and a basic pH (10 mM
ammonium acetate with 0.01% ammonium hydroxide; 10 mM ammonium bicarbonate;
0.001% ammonium hydroxide). For an initial evaluation, the sequence consisted of the
following injections for the ESI(+) and ESI(−) modes: 10× solvent injections to equilibrate
a particular platform, 2× method blanks, 10× mixture of polar standards, 10× serum
extracts, and 3× cell extracts. Before testing the next mobile phase modifier combination,
the column was rinsed for 30 min with a water/acetonitrile gradient to remove the residues
of previous mobile phase modifiers.

First, we evaluated the column performance based on the total number of molecular
features in human serum after blank feature subtraction. Here, 0.1% formic acid outper-
formed other tested modifiers (Figure 1). However, a deeper examination of 35 polar
metabolites and exposome compounds (Table S1) typically detected in human serum or
plasma using scoring, including the retention time (i.e., compound retention), peak height
intensity, and peak width, and the ability to separate leucine/isoleucine isomers, this
mobile phase modifier provided sub-optimal results (Figure 1).

For instance, the leucine/isoleucine isomers were completely separated only when
using 10 mM ammonium formate with 0.125% formic acid as the modifiers (Figure 2).
This observation is not entirely in line with the results published by Hosseinkhani et al.,
who reported the coelution of these two isomers on an ACQUITY UPLC BEH Amide
column (100 mm × 2.1 mm i.d.; 1.7 µm particle size) [19]. Apparently, 5 mM ammonium
formate with the addition of formic acid (pH 3) and an LC gradient initiated at 90%
acetonitrile/10% water compared to 95% acetonitrile/5% water used in our study might
explain these differences. On the other hand, separating these isomers was feasible using
this column with 10 mM ammonium acetate with 0.1% formic acid (pH 3.4) [20]. Using
10 mM ammonium formate with 0.125% formic acid as mobile phase modifiers with a long
ACQUITY UPLC BEH Amide column (150 mm × 2.1 mm i.d.; 1.7 µm particle size) was
also reported for the baseline separation of these isomers [21,22]. In addition, neutral and
basic pH mobile phases often provided broader chromatographic peaks than acidic mobile
phases, as shown in Figure 2 for the amino acid arginine. Overall, HILIC in ESI(+) enabled
the separation of different classes of polar metabolites, such as amino acids, biogenic
amines, sugars, nucleotides, and acylcarnitines. With an optimized gradient, an 8.5 min
injection-to-injection run time was feasible.
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 AmF (10 mM)/FA (0.125%) 3.2 1194 1

 FA (0.1%) 2.7 1554 2
 AmF (10 mM) 6.8 1091 3

 AmAc (10 mM) 6.9 1164 4

 AmAc (10 mM)/NH4OH (0.01%) 9.3 1187 5

 AmBicarb (10 mM) 8.8 840 6

 NH4OH (0.001%) 10.0 993 7

0.4 XlogP −4

 Good  Acceptable  Unacceptable

Figure 1. Ranking of 35 polar compounds (endogenous metabolites and exposome compounds) in
human serum separated on an ACQUITY UPLC BEH Amide column (50 mm × 2.1 mm i.d.; 1.7 µm
particle size) coupled to an ACQUITY UPLC BEH Amide VanGuard pre-column (5 mm × 2.1 mm
i.d.; 1.7 µm particle size) under seven mobile phase modifiers in ESI(+). The analytes are sorted
according to their predicted octanol/water partition coefficients (XlogP) obtained from the human
metabolome database (hmdb.ca); the pH values are reported for the water solution (mobile phase A).
Legend: AmF/FA, 10 mM ammonium formate and 0.125% formic acid; FA, 0.1% formic acid; AmF,
10 mM ammonium formate; AmAc, 10 mM ammonium acetate; AmAc/NH4OH, 10 mM ammonium
acetate and 0.01% ammonium hydroxide; AmBicarb, 10 mM ammonium bicarbonate; NH4OH,
0.001% ammonium hydroxide.
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Figure 2. Separation of leucine (m/z 132.102), isoleucine (m/z 132.102), and arginine (m/z 175.120) in 
human serum extracts using an ACQUITY UPLC BEH Amide column (50  mm × 2.1 mm i.d.; 1.7 μm 
particle size) coupled to an ACQUITY UPLC BEH Amide VanGuard pre-column (5  mm × 2.1 mm 
i.d.; 1.7 μm particle size) under seven different mobile phase modifiers. The data were acquired in 
ESI(+). The red arrows indicate a drop in the signal due to the coelution of highly abundant metab-
olites or mobile phase impurities. Legend: see Figure 1. 

  
Figure 3. Separation of hexose phosphates (m/z 259.022) in the cell extracts on an ACQUITY UPLC 
BEH Amide column (50  mm × 2.1 mm i.d.; 1.7 μm particle size) coupled to an ACQUITY UPLC 
BEH Amide VanGuard pre-column (5  mm × 2.1 mm i.d.; 1.7 μm particle size) using a mobile phase 
with seven mobile phase modifiers in ESI(–). The peaks were annotated using authentic standards, 
including fructose 6-phosphate (4.8 min), glucose 1-phosphate/mannose 6-phosphate/galactose 6-
phosphate (4.88 min; individual standards were not separated under the conditions), and glucose 

Figure 2. Separation of leucine (m/z 132.102), isoleucine (m/z 132.102), and arginine (m/z 175.120) in
human serum extracts using an ACQUITY UPLC BEH Amide column (50 mm × 2.1 mm i.d.; 1.7 µm
particle size) coupled to an ACQUITY UPLC BEH Amide VanGuard pre-column (5 mm × 2.1 mm i.d.;
1.7 µm particle size) under seven different mobile phase modifiers. The data were acquired in ESI(+).
The red arrows indicate a drop in the signal due to the coelution of highly abundant metabolites or
mobile phase impurities. Legend: see Figure 1.

None of the evaluated mobile phase modifiers for organic acids evaluated in ESI(−)
(Table S2) provided optimal separation. However, the mobile phase with 10 mM ammonium
formate and 0.125% formic acid permitted the separation of hexose phosphates in ESI(−).
Figure 3 shows that five distinct peaks were observed in cell extracts for hexose phosphates
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(m/z 259.022), also confirmed with the MS/MS spectra with class-specific fragments (m/z
78.959, 96.968, 138.981). When injecting the available authentic standards, we annotated
based on the retention time of three of these species.
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Figure 3. Separation of hexose phosphates (m/z 259.022) in the cell extracts on an ACQUITY UPLC
BEH Amide column (50 mm × 2.1 mm i.d.; 1.7 µm particle size) coupled to an ACQUITY UPLC
BEH Amide VanGuard pre-column (5 mm × 2.1 mm i.d.; 1.7 µm particle size) using a mobile phase
with seven mobile phase modifiers in ESI(−). The peaks were annotated using authentic standards,
including fructose 6-phosphate (4.8 min), glucose 1-phosphate/mannose 6-phosphate/galactose
6-phosphate (4.88 min; individual standards were not separated under the conditions), and glucose
6-phosphate (4.97 min) under the conditions of 10 mM ammonium formate and 0.125% formic acid
used as the mobile phase modifiers. Legend: see Figure 1.

This fast LC-MS-based untargeted metabolomics method was also tuned regarding
MS1 and MS/MS data acquisition. We applied critical rules to increase the number of
MS/MS spectra acquired during the data-dependent acquisition (DDA) for metabolite
annotation [23]. Among them, the optimal number of MS/MS scans per cycle, the proper
threshold for the selection of precursor ion selection, the use of an exclusion list, filters
for precursor selection (e.g., isotope exclusion function and charge state), and perform-
ing DDA on all measured samples were used to ensure optimal performance [18]. The
simultaneous acquisition of MS1 spectra (at 35,000 FWHM resolving power) and three
data-dependent MS/MS scans (at 17,500 FWHM resolving power) provided 10–15 data
points per chromatographic peak and MS/MS spectra for metabolite annotation.

We further evaluated this HILIC column for intra-batch repeatability using the re-
tention time stability of the representative polar compounds in the plasma extracts. Of
the 67 tested compounds (Table S3), all exhibited excellent retention time stability with
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a relative standard deviation (RSD) of <0.7% (a median RSD of 0.14%, corresponding to
a <2 s maximum retention time shift) within 200 injections of plasma extracts.

Because an ACQUITY UPLC BEH Amide column did not provide sufficient separation
of the organic acids in ESI(−) under any of the seven mobile phase modifiers investi-
gated, we focused on RPLC separation. To this end, we used an ACQUITY UPLC HSS
T3 column (50 mm × 2.1 mm i.d.; 1.8 µm particle size) coupled to an ACQUITY UPLC
HSS T3 VanGuard pre-column (5 mm × 2.1 mm i.d.; 1.8 µm particle size). This column
is designed to retain polar compounds and operate at a high aqueous mobile phase [24].
The column efficiency was evaluated by separating a panel of 21 organic acids, such as
fumarate, lactate, malate, pyruvate, succinate, cis- and trans-aconitate, α-ketoglutarate, cit-
rate/isocitrate, 3-hydroxybutyrate/3-hydroxyisobutyrate/2-hydroxybutyrate isomers, and
others (Table S2). Interestingly, acidified water and methanol as mobile phases performed
better than acidified water and acetonitrile during the gradient separation (Figure 4). With
an optimized gradient, a 5.5 min injection-to-injection run time was feasible for separating
all the tested organic acids together with the simultaneous acquisition of the MS1 and
MS/MS spectra with three data-dependent scans. Again, we evaluated this RPLC column
for intra-batch repeatability using the retention time stability. Of the 42 tested compounds
(Table S4), all showed an RSD of < 0.9% (a median RSD of 0.5%, corresponding to a <1.5 s
retention time shift) within 200 injections of plasma extracts.
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2.2. Untargeted Lipidomics 
RPLC-MS is the most frequently used LC-MS technique in untargeted lipidomics 

[17]. Different modifiers, such as ammonium formate or acetate alone or in conjunction 

Figure 4. Separation of the (1) isocitrate, (2) citrate (m/z 191.019), (3) 3-hydroxybutyrate, (4) 3-
hydroxyisobutyrate, and (5) 2-hydroxybutyrate (m/z 103.040) isomers using an ACQUITY UPLC
HSS T3 column (50 mm × 2.1 mm i.d.; 1.8 µm particle size) coupled to an ACQUITY UPLC HSS T3
VanGuard pre-column (5 mm × 2.1 mm i.d.; 1.8 µm particle size). (a) Gradient water/0.2% formic
acid and methanol/0.1% formic acid; (b) gradient water/0.2% formic acid and acetonitrile/0.1%
formic acid.

2.2. Untargeted Lipidomics

RPLC-MS is the most frequently used LC-MS technique in untargeted lipidomics [17].
Different modifiers, such as ammonium formate or acetate alone or in conjunction with
formic or acetic acid, were reported in an RPLC-MS analysis of simple and complex
lipids [25–28]. In 2016, Cajka and Fiehn [29] first systematically compared these modifiers
with respect to their effects on improving or hampering the electrospray ionization efficiency
of specific lipid classes. Using 164 representative lipids covering 11 lipid classes in plasma,
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they reported that optimal coverage was obtained using 10 mM ammonium formate in
ESI(+) and 10 mM ammonium acetate in ESI(−). In follow-up studies, Monnin et al. [30]
and Creydl and Fisher [31] pointed out that the use of 0.02% acetic acid improved the signal
of lipids in ESI(−) even further compared with ammonium acetate [29].

For our extended evaluation, we used six different mobile phase modifiers, specif-
ically, (i) 10 mM ammonium formate; (ii) 10 mM ammonium formate with 0.1% formic
acid; (iii) 10 mM ammonium acetate with 0.1% formic acid; (iv) 10 mM ammonium ac-
etate; (v) 10 mM ammonium acetate with 0.1% acetic acid; and (vi) 0.02% acetic acid. All
the mobile phase modifiers were evaluated in the ESI(+) and ESI(−) modes except for
0.02% acetic acid, in which case the ESI(−) data are shown only. For an initial evalua-
tion, the sequence consisted of the following injections for the ESI(+) and ESI(−) modes:
10× solvent injections to equilibrate a particular platform, 2× method blanks, 6× standard
lipid mixtures, 6× serum extracts, 3× liver extracts, and 3× tea extracts. Before testing
the next mobile phase modifier combination, the column was rinsed for 30 min with a wa-
ter/acetonitrile gradient to remove the residues of previous mobile phase modifiers. Three
different biological matrices were chosen to ensure the annotation of diverse lipid classes.

All samples were separated using a short microbore column ACQUITY UPLC BEH C18
column (50 mm × 2.1 mm i.d.; 1.7 µm particle size) coupled to an ACQUITY UPLC BEH C18
VanGuard pre-column (5 mm × 2.1 mm i.d.; 1.7 µm particle size) because of its frequent use
in metabolomics and lipidomics studies [1,17]. For the LC elution, we used mobile phases
that were frequently reported in lipidomics studies, specifically (A) acetonitrile:water (60:40)
and (B) isopropanol:acetonitrile:water (90:10:0.1) [1,17]. Using an optimized gradient and
in combination with C18-modified particles for the LC columns, these solvent combinations
permitted the effective elution and separation of complex lipid mixtures within less than
8 min. Similarly to untargeted metabolomics, optimal conditions were obtained for the
simultaneous data acquisition of MS1 spectra and three data-dependent MS/MS scans
during fast LC-MS untargeted lipidomics methods.

An initial evaluation based on the total number of metabolite features after blank fea-
ture subtraction indicated that 10 mM ammonium acetate in ESI(+) and 0.02% acetic acid in
ESI(−) outperformed compared to other mobile phase modifiers (Table S5). However, since
many known lipids are detected through untargeted analysis, we also evaluated these mod-
ifiers based on the pattern of annotated lipids. To this end, we selected 536 representative
lipids covering 26 lipid classes in ESI(+) and 236 lipids covering 26 lipid classes in ESI(−)
(Table S6) and compared their average peak heights for each combination of mobile phase
modifiers relative to the most intense peaks across all samples. This targeted approach
shows which lipid classes ionized better under the different mobile phase modifiers tested
(Figure 5). For ESI(+), 10 mM ammonium formate alone performed the best, followed by
10 mM ammonium formate with 0.1% formic acid. These observations are in line with
our previous report [29]. For ESI(−), using 0.02% acetic acid provided overall signal im-
provement for many lipid classes as recently reported [30]. However, we also observed
poor signal intensity for lipid classes, including cardiolipins (CL), phosphatidic acid (PA),
and phosphatidylserines (PS), compared to the other modifiers evaluated. Considering all
modifiers but 0.02% acetic acid, 10 mM ammonium acetate alone provided the best scoring,
followed by 10 mM ammonium acetate with 0.1% acetic acid.
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1.7 µm particle size) coupled to an ACQUITY UPLC BEH C18 VanGuard pre-column (5 mm × 2.1 mm
i.d.; 1.7 µm particle size). The percentages were calculated to the highest peak intensity for each
lipid across all samples. For each lipid class, an overall evaluation is marked as excellent (80–100%),
sufficient (50–79%), moderate (10–49%), and poor (<10%). Legend: AmAc and AA, 10 mM ammonium
acetate and 0.1% acetic acid; AmF and FA, 10 mM ammonium formate and 0.1% formic acid; AmAc,
10 mM ammonium acetate; AmF, 10 mM ammonium formate; AmAc and FA, 10 mM ammonium
acetate and 0.1% formic acid. The percentage for each lipid class is found in Table S5. For the lipid
abbreviations, see [32]. Examples of extracted ion chromatograms for selected lipids are shown in
Figure S1.
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During untargeted lipidomics, the total number of molecular features and annotated
lipids and the robustness, such as the stability of retention times, should be considered.
The last one is important, specifically during large cohort studies, in which retention time
drifting could be an issue during data processing. However, no study has yet addressed
this issue for different mobile phase modifiers on a large scale for lipidomics; previous
reports [29–31] usually conducted <6 injections of lipid standards or biological extracts.
Thus, for each mobile phase modifier, we conducted a series of 200 injections (altering
the positive and negative ion modes) of the extracts prepared from serum, liver, and tea
to achieve high sample complexity. For lipid classes such as (lyso)phosphatidylinositols
(LPI and PI), (lyso)phosphatidylglycerols (LPG and PG), PS, PA, sulfoquinovosyl dia-
cylglycerols (SQDG), lyso-N-acyl-phosphatidylethanolamine (LNAPE), and cholesterol
sulfate we observed a systematic drift of retention times toward longer retention times
with increasing injection orders when using 0.02% acetic acid. In comparison, 10 mM
ammonium acetate behaved oppositely (shorter retention times with increasing injection
orders). However, for the main lipid classes, such as (lyso)phosphatidylcholines (LPC and
PC), (lyso)phosphatidylethanolamine (LPE and PE), ceramides (Cer), sphingomyelins (SM),
diacylglycerols (DG), triacylglycerols (TG), or free fatty acids (FFA) this phenomenon was
not observed.

For example, Figure 6 shows two lipid representatives, PI 34:3 (PI 16:0_18:3) and
PC 34:3 (PC 16:0_18:3), with opposite retention time drift trends over the sequence with
200 injections. Translating this into absolute retention times using 0.02% acetic acid led
to a 4–5 s retention time shift compared to 2 s for 10 mM ammonium acetate alone and
1.5 s for 10 mM ammonium acetate with 0.1% acetic acid during this sequence. The most
stable mobile phase modifiers were 10 mM ammonium formate and 10 mM ammonium
formate with 0.1% formic acid with retention time shifts of <1 s during 200 injections. Since
10 mM ammonium formate alone and 10 mM ammonium formate with 0.1% formic acid
did not provide a high signal intensity for free fatty acids in ESI(−), we concluded that
using 10 mM ammonium acetate with 0.1% acetic acid represents a reasonable compromise
regarding the signal intensity of the detected lipids and the stability of the retention times.
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In general, minimizing retention time drifts is important during the data processing
of LC-MS-based metabolomics and lipidomics data sets. Although some software pro-
grams [33] are capable of retention time correction using, for instance, internal standards, it
is still challenging to perform such corrections if some lipid classes have consistent retention
times, while for other ones, systematic drifts may be observed during the sequence.

3. Materials and Methods
3.1. Materials and Reagents

LC-MS-grade solvents (water, methanol, acetonitrile, and isopropanol), methyl tert-
butyl ether (MTBE), and LC-MS-grade mobile phase modifiers (formic acid, acetic acid,
ammonium hydroxide, ammonium formate, ammonium acetate, and ammonium bicarbon-
ate) were obtained from VWR International, Merck, and J.T.Baker (Prague, Czech Republic).
The internal standards for LC-MS were purchased from Merck.

Human serum (S7023-100ML) and plasma (NIST SRM 1950) were obtained from
Merck. The mouse liver samples (C57BL/6J) from the GTTAtlas [34] and the cells (3T3-L1)
were from the Institute of Physiology of the Czech Academy of Sciences. The tea samples
(Earl Grey) were from Bigelow Tea (Fairfield, CT, USA).

3.2. Sample Preparation

The metabolomic and lipidomic profiling of the biological samples was conducted
using a combined untargeted and targeted workflow for the lipidome, metabolome, and
exposome analysis (LIMeX) [34,35]. In principle, the metabolites were extracted using a
biphasic solvent system of cold methanol, MTBE, and water [36] with some modifications.

3.2.1. Biofluids (Serum and Plasma)

The serum/plasma samples (25 µL) were mixed with 765 µL of cold methanol/MTBE
mixture (165 µL + 600 µL, respectively) containing a mixture of internal standards, and
then this mixture was shaken (30 s). Then, 165 µL of 10% methanol with internal standards
was added, shaken (30 s), and centrifuged (16,000 rpm, 5 min, 4 ◦C).

For the lipidomic profiling, 100 µL of the upper organic phase was collected, evapo-
rated, and resuspended using 100 µL methanol with an internal standard (12-[[(cyclohexyla-
mino)carbonyl]amino]-dodecanoic acid, CUDA), shaken (30 s), centrifuged (16,000 rpm,
5 min, 4 ◦C), and used for LC-MS analysis.

For the metabolomic profiling, 70 µL of the bottom aqueous phase was collected,
evaporated, and resuspended in 70 µL of an acetonitrile/water (4:1) mixture with internal
standards (CUDA and Val-Tyr-Val), shaken (30 s), centrifuged (16,000 rpm, 5 min, 4 ◦C),
and analyzed using the HILIC metabolomics platform. Another 70 µL aliquot of the bottom
aqueous phase was mixed with 210 µL of an isopropanol/acetonitrile (1:1) mixture, shaken
(30 s), centrifuged (16,000 rpm, 5 min, 4 ◦C), and the supernatant was evaporated. The
dry extracts were resuspended in 5% methanol/0.2% formic acid with internal standards
(CUDA and Val-Tyr-Val), shaken (30 s), centrifuged (16,000 rpm, 5 min, 4 ◦C), and analyzed
using the RPLC metabolomics platform.

3.2.2. Tissues (Liver and Tea)

In total, 20 mg of tissue samples were homogenized (1.5 min) with 275 µL of methanol
using a grinder, followed by adding 1 mL of MTBE with an internal standard and shaking
(30 s). Then, 275 µL of 10% methanol containing internal standards was added, and the
tubes were shaken (1 min) and centrifuged (16,000 rpm, 5 min, 4 ◦C).

For the lipidomic profiling, 100 µL of the upper organic phase was collected, evap-
orated, and resuspended using 300 µL of methanol with an internal standard (CUDA),
shaken (30 s), centrifuged (16,000 rpm, 5 min, 4 ◦C), and used for LC-MS analysis.
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3.2.3. Cells

A volume of 275 µL of methanol and 275 µL of 10% methanol containing internal stan-
dards was put directly on the cells (in a 6-well plate) and then scraped off and transferred
to an Eppendorf tube with a milling ball. After homogenization (1 min), 1 mL of MTBE
with the internal standard was added, and the tubes were shaken (1 min) and centrifuged
(16,000 rpm, 5 min, 4 ◦C).

For the metabolomic profiling, the procedure was the same as for the biofluids.

3.3. LC-MS Conditions

The LC-MS systems consisted of a Vanquish UHPLC system (Thermo Fisher Scien-
tific, Bremen, Germany) coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany).

3.3.1. Untargeted Metabolomics Using HILIC

The polar metabolites were separated on an ACQUITY UPLC BEH Amide column
(50 mm × 2.1 mm i.d.; 1.7 µm particle size) coupled to an ACQUITY UPLC BEH Amide
VanGuard pre-column (5 mm × 2.1 mm i.d.; 1.7 µm particle size) (Waters, Milford, MA,
USA). The column was maintained at 45 ◦C at a flow rate of 0.4 mL/min. The mobile phase
consisted of (A) water with the following mobile phase modifiers; (i) 0.1% formic acid;
(ii) 10 mM ammonium formate and 0.125% formic acid; (iii) 10 mM ammonium formate;
(iv) 10 mM ammonium acetate; (v) 10 mM ammonium acetate and 0.01% ammonium
hydroxide (pH 9.3); (vi) 10 mM ammonium bicarbonate (pH 8.8); (vii) 0.001% ammonium
hydroxide (pH 10.0); and (B) acetonitrile/water (95:5) with the same mobile phase modifiers.
In the case of 10 mM ammonium bicarbonate, acetonitrile/water (90:10) was used due to
solubility issues. Separation was conducted under the following gradient: 0 min 100%
(B); 0–1 min 100% (B); 1–3.9 min from 100% to 70% (B); 3.9–5.1 min from 70% to 30% (B);
5.1–6.4 min from 30% to 100% (B); 6.4–7.5 min 100% (B) +1 min preinjection steps. An
injection volume of 1 µL was used. The sample temperature was maintained at 4 ◦C.

The ESI source and MS parameters were: sheath gas pressure, 50 arbitrary units; aux
gas flow, 13 arbitrary units; sweep gas flow, 3 arbitrary units; capillary temperature, 260 ◦C;
aux gas heater temperature, 425 ◦C. For the untargeted metabolomic profiling, the mass
spectrometer was operated under the following conditions: MS1 mass range, m/z 60–900;
MS1 resolving power, 35,000 FWHM (m/z 200); the number of data-dependent scans per
cycle, 3; MS/MS resolving power, 17,500 FWHM (m/z 200). A spray voltage of 3.6 kV and
−2.5 kV for ESI(+) and ESI(−) were used. Normalized collision energies of 20, 30, and 40%
were used.

3.3.2. Untargeted Metabolomics Using RPLC

The polar metabolites were also separated on an ACQUITY UPLC HSS T3 column
(50 mm × 2.1 mm i.d.; 1.8 µm particle size) coupled to an ACQUITY UPLC HSS T3 Van-
Guard pre-column (5 mm × 2.1 mm i.d.; 1.8 µm particle size) (Waters, Milford, MA,
USA). The column was maintained at 45 ◦C using a ramped flow rate. The mobile phase
consisted of (A) water with 0.2% formic acid, (B) methanol with 0.1% formic acid, or
acetonitrile with 0.1% formic acid. Separation was conducted under the following gra-
dient: 0 min 1% (B) 0.3 mL/min; 0–0.5 min 1% (B) 0.3 mL/min; 0.5–2 min from 1% to
60% (B) 0.3 mL/min; 2–2.3 min from 60% to 95% (B) from 0.3 mL/min to 0.5 mL/min;
2.3–3.0 min 95% (B) 0.5 mL/min; 3.0–3.1 min from 95% to 1% (B) 0.5 mL/min; 3.1–4 min
1% (B) 0.5 mL/min; 4–4.1 min 1% (B) from 0.5 mL/min to 0.3 mL/min; 4.1–4.5 min 1%
(B) 0.3 mL/min + 1 min preinjection steps. An injection volume of 5 µL was used. The
sample temperature was maintained at 4 ◦C.

The ESI source and MS parameters were: sheath gas pressure, 50 arbitrary units; aux
gas flow, 13 arbitrary units; sweep gas flow, 3 arbitrary units; capillary temperature, 260 ◦C;
aux gas heater temperature, 425 ◦C. For the untargeted metabolomic profiling, the mass
spectrometer was operated under the following conditions: MS1 mass range, m/z 60–900;
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MS1 resolving power, 35,000 FWHM (m/z 200); the number of data-dependent scans per
cycle, 3; MS/MS resolving power, 17,500 FWHM (m/z 200). A spray voltage of −2.5 kV for
ESI(−) was used. Normalized collision energies of 20, 30, and 40% were used.

3.3.3. Untargeted Lipidomics Using RPLC

The lipids were separated on an ACQUITY UPLC BEH C18 column (50 mm × 2.1 mm
i.d.; 1.7 µm particle size) coupled to an ACQUITY UPLC BEH C18 VanGuard pre-column
(5 mm × 2.1 mm i.d.; 1.7 µm particle size) (Waters, Milford, MA, USA). The column was
maintained at 65 ◦C at a flow rate of 0.6 mL/min. For the LC-MS analysis, the mobile
phase consisted of (A) 60:40 acetonitrile/water with six different mobile phase modifiers:
(i) 10 mM ammonium formate; (ii) 10 mM ammonium formate and 0.1% formic acid;
(iii) 10 mM ammonium acetate and 0.1% formic acid; (iv) 10 mM ammonium acetate;
(v) 10 mM ammonium acetate and 0.1% acetic acid; and (vi) 0.02% acetic acid (B) 90:10:0.1
isopropanol/acetonitrile/water with the same type of mobile phase modifiers. Separation
was conducted under the following gradient for LC-ESI(+)-MS: 0 min 15% (B); 0–1 min
from 15% to 30% (B); 1–1.3 min from 30% to 48% (B); 1.3–5.5 min from 48% to 82% (B);
5.5–5.8 min from 82% to 99% (B); 5.8–6 min 99% (B); 6–6.1 min from 99% to 15% (B);
6.1–7 min 15% (B) +1 min preinjection steps. For the LC-ESI(−)-MS, the following gradient
was used: 0 min 15% (B); 0–1 min from 15% to 30% (B); 1–1.3 min from 30% to 48% (B);
1.3–4.8 min from 48% to 76% (B); 4.8–4.9 min from 76% to 99% (B); 4.9–5.3 min 99% (B);
5.3–5.4 min from 99% to 15% (B); 5.4–6.3 min 15% (B) +1 min preinjection steps. An
injection volume of 1–5 µL was used based on the extract type. The sample temperature
was maintained at 4 ◦C.

The source and MS parameters were: sheath gas pressure, 60 arbitrary units; aux gas
flow, 25 arbitrary units; sweep gas flow, 2 arbitrary units; capillary temperature, 300 ◦C;
aux gas heater temperature, 370 ◦C. For the untargeted lipidomic profiling, the mass
spectrometer was operated under the following conditions: MS1 mass range, m/z 200–1700;
MS1 resolving power, 35,000 FWHM (m/z 200); the number of data-dependent scans per
cycle, 3; MS/MS resolving power, 17,500 FWHM (m/z 200). For ESI(+), a spray voltage of
3.6 kV and a normalized collision energy of 20% was used; for ESI(−), a spray voltage of
−3.0 kV and normalized collision energies of 10, 20, and 30% were set up.

3.4. Data Processing

The LC-MS instrumental files from the metabolomic and lipidomic profiling were
processed through MS-DIAL v. 4.92 software [33]. The metabolites were annotated using an
in-house retention time–m/z library and MS/MS libraries available from various sources
(NIST20, MoNA, and LipidBlast).

The total number of molecular features was obtained by processing the repeated
injections of biological samples and method blanks. For the untargeted metabolomics using
HILIC-ESI(+), a series of 10 injections of serum extracts was conducted. For the untargeted
lipidomics using RPLC-ESI(+) and RPLC-ESI(−), six injections of serum extracts, three
injections of liver extracts, and three injections of tea extracts were performed. First, only
the molecular features detected in all replicates for a particular platform and matrix were
kept. Then, features passing the criterion “sample maximal signal intensity/blank average
signal intensity” >10-fold change (available in MS-DIAL v. 4.92 software) were kept as
reliable features for the evaluation of the mobile phase modifiers.

The scoring for the untargeted metabolomics (the HILIC platform) was performed
using the (i) retention time (score 0 for a metabolite with a retention time of <1.5 min; score
1 for a metabolite with a retention time of >1.5 min), (ii) peak height intensity (score 1 for
a metabolite with the highest peak intensity among all the mobile phase modifiers; for
lower peak intensities, proportional decreasing of the score), and (iii) peak width (score
−1 for a metabolite with a peak width of >12 s; score 1 for a metabolite with a peak width
of <12 s). In addition, for leucine/isoleucine, the ability to resolve these isomers was also
considered (score 1 for baseline separation, score 0 for partially resolved peaks, and score
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−1 for unresolved peaks). The total score for each metabolite was then calculated as a sum
of all the scoring values (good score 1.2–3; acceptable score 0–1.2; unacceptable score: <0).

4. Conclusions

We evaluated commonly used mobile phase modifiers in analyzing polar metabolites
and simple and complex lipids during fast LC-MS. Our findings support that during
untargeted metabolomics and lipidomics, the method should not be evaluated just purely
based on the total number of features characterized by their retention times and m/z but
should also take into account the common metabolites detected and annotated for particular
platforms. In addition, the long-term stability of the retention times should be assessed.

For untargeted metabolomics with an ACQUITY UPLC BEH Amide column, using
a mobile phase with 10 mM ammonium formate with 0.125% formic acid provided the
best performance for separating amino acids, biogenic amines, sugars, nucleotides, acyl-
carnitines, and sugar phosphate. However, none of the mobile phase modifiers evaluated
performed well for organic acids in ESI(−). For the fast separation and detection of this
metabolite class, an ACQUITY UPLC HSS T3 column performed well.

For untargeted lipidomics with an ACQUITY UPLC BEH C18 column, using a mobile
phase with 10 mM ammonium formate or 10 mM ammonium formate with 0.1% formic
acid permitted a high signal intensity of various lipid classes ionized and detected in ESI(+)
along with robust retention times during long runs. For ESI(−), the mobile phase with
10 mM ammonium acetate with 0.1% acetic acid represented a reasonable compromise
regarding the signal intensity of the detected lipids and the stability of the retention times
compared to 10 mM ammonium acetate alone or 0.02% acetic acid.

Overall, the analysis time between 5.5 and 8.5 min was achieved using optimized LC
gradients, permitting fast untargeted LC-MS-based metabolomics and lipidomics methods.
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