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ARTICLE INFO ABSTRACT
Keywords: Metabolomics, the systematic study of small molecules in biological samples, has rapidly emerged as a key
LC-MS protocols discipline for understanding metabolism across organisms. LC—HRMS displays the dominant technique for

High-resolution mass spectrometry

global metabolomics due to its high resolution and fast detection. In addition, some instruments offer the option
Traveling wave ion mobility

fon heating of .se.parating analytes basefi on their m.obility i1.'1 a. carrier gas (ion m.obility separa.tion). H'o.wever, tr.a.nfferring

Untargeted metabolomics existing protocols between instruments is often limited by differences in hardware, ion mobility capabilities, and

Synapt XS instrument generations. In particular, traveling wave ion mobility spectrometry (TWIMS) can induce ion heating
and fragmentation, primarily affecting labile polar metabolites (<500 Da), requiring individual adjustment of
instrument settings. Because of component redesigns, parameters of previous systems cannot be directly trans-
ferred to the Synapt XS; this tutorial provides an overview of modifiable settings. We focus on the application of
Synapt XS HRMS for untargeted metabolomics of polar and non-polar metabolites across diverse biological
matrices. However, the procedures described for sample preparation, chromatographic separation, and data
analysis are largely transferable to other high-performance devices. The tutorial includes step-by-step protocols
for sample preparation, chromatographic separation of polar and non-polar compounds, adjustment of TWIMS
parameters for labile metabolites, and the use of Progenesis QI, including creation of in-house spectral libraries
and integration of existing fragment databases. Additionally, strategies for data acquisition modes and initial
quality control and preprocessing are presented and discussed. Together, these methods provide a framework for
highly sensitive, reproducible metabolomics analyses and, apart from MS-specific parameters, are broadly
applicable to modern mass spectrometers from various manufacturers with comparable performance.
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HDMS® High Definition Mass Spectrometry
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Table 1
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Comparison of sample preparation and dilution techniques, corresponding chromatography type, source and IMS parameters from metabolomics studies employing

the Synapt XS.

Sample type

Sample Preparation Technique

Chromatography Type

Rat urine

Rat plasma
and urine

Extra-cellular
vesicles of
Human
MSC line
RB62

Vero cells

HT-1080
cells

Rat urine

Human urine

Human urine

Mouse serum

Addition of 20 pL H,0 and 350 pL
acetonitrile (ACN) to 20 pL urine

Plasma: Addition of 125 uL 2-propa-
nol (IPA)/ACN (1:2) to 25 pL Plasma;
Urine: Addition of 450 uL H,0 to 50
uL Urine

*Blight and Dyer lipid extraction of
400 pL extracellular vesicle solution,
reconstitution in 250 pL CHCl3/
methanol (MeOH) (1:1) and 2x
dilution in ACN/10 mM Amonium
Acetate (95:5)

Blight and Dyer lipid extraction of
90% confluent cells from 10 cm
plate, reconstitution in 0.5 mL
CHCl3/MeOH (1:1) and
reconstitution of 10 uL aliquot in 100
uL ACN/MeOH (2:1)

Folch lipid extraction of 5 x 10° cells
from 10 cm plate, reconstitution in
0.3 mL CH,Cl, and reconstitution of
25 pL aliquot in 100 uL. ACN/MeOH
2:1)

Addition of 400 uL. MeOH to 100 uL
Urine, evaporation of supernatant,
resuspension in 100 uL. MeOH

Addition of 450 uL HO with 0.1%
formic acid (FA) (v/v) to 50 pL urine

Addition of 450 pL H,O with 0.1% FA
(v/v) to 50 pL urine

Addition of 300 uL. MeOH/ACN (2:1)
to 100 uL serum

HILIC: BEH Amide (2.1 x 100 mm,
1.7 pym)

HILIC: BEH Amide (2.1 x 100 mm,
1.7 um); RPLC moderate: CORTEX

Premier C8 (2.1 x 100 mm, 2.7 pm);

RPLC lipids: CSH Phenyl-Hexyl (2.1
x 150 mm, 1.7 pm)

HILIC: BEH Amide (2.1 x 100 mm,
1.7 pm)

HILIC: CORTEX HILIC (2.1 x 100
mm, 1.6 ym)

HILIC: Phenomenex Kinetex (2.1 x
100 mm, 1.7 pm)

RPLC: BEH C18 (2.1 x 100 mm, 1.7

pm)

RPLC: HSS T3 (2.1 x 150 mm, 1.8
pm)

RPLC: CSH C18 (2.1 x 150 mm, 1.7

pm)

RPLC: BEH C18 (2.1 x 50 mm, 1.8
pm)

Source Parameters IMS Parameters Ref.

Mode: HDMS®; 3.0kV (+) /2.0kV  Helium Gas: 180 mL/min; IMS Gas [27]1

(-); Source Temp.: 100 °C; Desolv. (N3): 90 mL/min; Wave Velocity:

Temp.: 600 °C; Cone Gas: 50 L/h; 650 m/s; Wave Height: 40 V; EDC

Desolv. Gas: 800 L/h; Scan Time: Delay Coefficient: 1.54 V; Bias: 3;

0.1 s; Mass Range: 50 — 1200 m/z ~ Mobility RF Offset: 250; RF Offset:
300; IM Wave Delay: 1000 ps; DC
Entrance: 20

Mode: HDMSS; 3.0 kV (+) /2.0 kV Helium Gas: 180 mL/min; IMS Gas [28]

(-); Source Temp.: 100 °C; Desolv. (N3): 90 mL/min; Wave Velocity:

Temp.: 600 °C; Cone Gas: 50 L/h; 650 m/s; Wave Height: 40 V; EDC

Desolv. Gas: 800 L/h Delay Coefficient: 1.54 V; Bias: 3;
Mobility RF Offset: 250; RF Offset:
300; IM Wave Delay: 1000 us; DC
Entrance: 20

Mode: HDMSS; 3.0 kV (+) / 2.0 kV Helium Gas: 180 mL/min; IMS Gas [29]

(-); Source Temp.: 150 °C; Desolv. (N5): 90 mL/min; Wave Velocity:

Temp.: 500 °C; Cone Gas: 50 L/h; 550 m/s; Wave Height: 40 V

Desolv. gas: 1000 L/h; Sampling

Cone Voltage: 40 V; Source Offset:

4 V; Scan Time: 1 s; Mass Range:

50 - 1200 m/z

**Mode: HDMS® 3.0 kV (+) /2.0  Wave Velocity: 550 m/s; Wave [30]

kV (-); Source Temp.: 100 °C; Height: 40 V

Desolv. Temp.: 350 °C; Cone Gas:

10 L/h; Desolv. Gas: 1000 L/h;

Sampling Cone Voltage: 40 V;

Source Offset: N/A; Scan Time: 1

s; Mass Range: 50 — 1200 m/z

** Mode: HDMSS; 2.5 kV (+) / 2.0 Helium Gas: 180 mL/min; IMS Gas [31]

kV (-); Source Temp.: 150 °C; (N5): 90 mL/min; IMS Wave

Desolv. Temp.: 500 °C; Cone Gas:  Velocity: 500 m/s; IMS Wave

100 L/h; Desolv. Gas: 1000 L/h; Height: 40 V; Trap Wave Velocity:

Sampling Cone Voltage: 40 V; 311 m/s; Trap Wave Height: 4.0 V;

Source Offset: 80 V; Mass Range: Transfer Wave Velocity: 380 m/s;

50 - 1200 m/z Transfer Wave Height: 4.0 V

Mode: MS®; 3.0 kV (+) / 2.5 kV N/A [32]

(-); Source Temp.: 120 °C; Desolv.

Temp.: 400 °C; Cone Gas: 50 L/h;

Desolv. Gas: 800 L/h; Mass Range:

100 - 1000 m/z

Mode: MS€; 2.25 kV (-); Source N/A [33]

Temp.: 120 °C; Desolv. Temp.:

650 °C; Cone Gas: 150 L/h;

Desolv. Gas: 700 L/h; Scan Time:

0.2 s; Mass Range: 40 — 930 m/z

Mode: MS®; 2.25 kV (-); Source N/A [34]

Temp.: 120 °C; Desolv. Temp.:

650 °C; Cone Gas: 150 L/h;

Desolv. Gas: 700 L/h; Scan Time:

0.2 s; Mass Range: 40 — 930 m/z

Mode: MSS; 2.0 kV (&+); Source N/A [35]

Temp.: 120 °C; Desolv. Temp.:
350 °C; Cone Gas: 50 L/h; Desolv.
gas: 600 L/h; Scan Time: 0.5 s;
Mass Range: 50 — 1200 m/z

* Concentration not stated.
** Referring to article utilizing an Synapt G2-Si for instrument settings.

NAD Nicotinamide Adenine Dinucleotide
PBS Phosphate Buffered Saline
QC Quality Control

1. Introduction

QC-RFSCQC-based Random Forest Signal Correction

QqLIT
QTOF
RPLC
RSD
SDF

Quadrupol-Linear Ion Trap
Quadrupol-Time-of-Flight
Reverse Phase Liquid Chromatography
Relative Standard Deviation
Structure Data File

TIMS-MS Trapped IMS
TWIMS Traveling Wave Ion Mobility Spectrometry

Metabolomics can be defined as the systematic analysis of metabo-
lites (small molecules, typically <1500 Da) within a biological sample
[1]. Given their vital role for living organisms (e.g. energy metabolism
[2]), their rapid change upon a given stimulus, as well as their trans-
ferability between different species [3], it is hardly surprising that it has
already been successfully applied to a wide range of research topics. In
general, a distinction can be made between targeted and non-targeted
(or global) techniques, with the latter wusually employing
high-resolution devices (HRMS) for hypothesis-free approaches. In
recent decades, a variety of technological platforms have been estab-
lished in the field of metabolomics, mainly based on mass spectrometry



L. Kaiser et al.

(MS) and nuclear magnetic resonance [4]. MS-based approaches, how-
ever, are considered to be more sensitive, and the various separation
methods that can be used upstream (e.g. gas chromatography, liquid
chromatography (LC) or capillary electrophoresis) allow a high degree
of flexibility [5]. With regard to mass spectrometry platforms, several
different mass analyzers are available, such as quadrupole time-of-flight
(QTOF), Fourier Transform-Ion Cyclotron Resonance MS (FT-ICR),
quadrupole-linear ion trap (QqLIT) or Orbitrap, each of which have their
advantages and disadvantages [2]. LC—HRMS currently displays the
dominant analytical technique for global metabolomics, in conjunction
with Orbitraps or QTOFs, given their high resolution and acquisition
speed [2,4]. Accordingly, a plethora of protocol articles on LC-MS-based
metabolomics using a QTOF or Orbitrap-based mass analyzer have been
published in the recent past [6-12]. However, it is obvious that not all
protocols can be directly transferred to every mass spectrometer due to
the differences in ion source designs, mass analyzers and software fea-
tures. For example, newer HRMS devices have an automatic iterative
precursor ion exclusion mode as software features, in which a sample is
analyzed several times using data-dependent analysis (DDA) and the
corresponding fragmented analytes are added to an exclusion list after
each analysis [13,14]. However, such a software feature is not available
across all HRMS systems. Again, some MS offer the option of further
separating ions using ion mobility (IMS), which further increases the
number and complexity of the adjustable parameters. Even if such a
separation is possible with devices from different manufacturers (e.g.
Agilent, Bruker, Sciex or Waters), they differ in the respective separation
methods, such as drift tube IMS (DTIMS-MS), traveling-wave IMS
(TWIMS-MS), field asymmetric IMS (FAIMS-MS) or trapped IMS
(TIMS-MS) [6]. Again, a direct transfer of the individual parameters is
not possible due to the different physical separation principles. Impor-
tantly, in TWIMS devices, the electrostatic pulse waveform propagating
along the tube leads to considerable ion heating, with the ions reaching
up to 551 - 774 K [15,16]. This, however, may lead to significant
dissociation in small molecules, limiting their detection within
TWIMS-MS [17]. These effects are particularly pronounced with small
polar metabolites (i.e., polar metabolites < 500 Da), whereby the
respective effects can vary drastically depending on the individual me-
tabolites [18]. Importantly, such signal losses can also be poorly
compensated by injecting larger sample quantities. Although it is
generally possible to detect a certain proportion of labile substances in
this way, the dynamic range is significantly restricted due to the tem-
poral concentration of the individual ions during an ion mobility
experiment [19]. While labile compounds may be detected by such an
approach, more stable compounds within the sample tend to reach the
detector saturation limit, rendering relative quantification impossible.
For this reason, some researchers have analyzed their samples without
ion mobility and performed an additional analysis with IMS only on the
pooled QC sample [20,21]. Nevertheless, it is possible to minimize the
fragmentation of labile species with TWIMS instruments to a certain
extent by adjusting various parameters. Accordingly, several researchers
have developed so-called labile compound settings for the TWIMS-MS
analysis of small polar analytes [22,23].

In addition to the mass detector deployed and the potential use of ion
mobility separation, the corresponding device generation likewise plays
a significant role. Newer mass spectrometers are typically much more
sensitive than their predecessor models. Taking background impurities
as a surrogate measure of sensitivity, the Synapt G2 (launched in 2009)
typically requires 10 different background masses to be included in an
exclusion list for a DDA-based approach, whereas the Synapt XS
(launched in 2019) requires around 200 masses to be included [24].
Therefore, newer devices typically require a significantly higher sample
dilution, due to the higher sensitivity and corresponding faster detector
saturation.

In the case of the Synapt XS, there is another factor preventing a
direct transfer of methods from the precursor device; the re-design of
individual components (here StepWave XS and TriWave IMS). In
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particular, the settings for improved transmission of labile analytes
(with and without ion mobility separation) cannot be transferred
directly from the predecessor device. As a result, it is not straightforward
to adopt the corresponding protocols of the predecessor devices without
excessive further optimization. In fact, the Synapt XS is a fairly new mass
spectrometer for which no explicit protocols have yet been developed in
the field of metabolomics. Although some articles employing the Synapt
XS are already available, the individual extraction, source and scan
parameters used are quite different, parameters for IMS are frequently
not mentioned and settings for labile compounds have not yet been
published (see Table 1).

Therefore, in this tutorial we focus on the use of the Synapt XS HRMS
for untargeted metabolomics studies of polar and non-polar metabolites
from different biological matrices, including different sample prepara-
tion and chromatographic separation techniques. In general, these
extraction and separation methods should also be applicable to state-of-
the-art mass spectrometers from other manufacturers with comparable
sensitivity [25]. In addition, we discuss the use of TWIMS of small polar
analytes and lipids, explain the labile compound settings and describe
the respective advantages and disadvantages. Finally, we deal with the
creation of an in-house library using the proprietary software Progenesis
QI and different data acquisition modes such as data-independent
acquisition (DIA) and DDA. A simple strategy for additional data
normalization and the import of open-source databases such as the
Massbank of North America (MoNA) or LipidBlast [26] is also discussed.

2. Sample preparation

In general, the particular approach to sample preparation depends on
numerous factors, such as the aim of the study, the sample type, the
amount of material available or the analyte class in focus [36-38].
Irrespective of the sample type, however, the metabolism in the sample
must be quenched shortly after sampling in order to achieve compara-
bility. Typically, either the temperature is lowered (e.g. using liquid
nitrogen) or the enzymes in the sample are denatured (e.g. using organic
solvents or acid), in many cases cooled organic solvents (e.g. —20 to —40
°C cold methanol) are also used as a combined approach [39,40]. Sub-
sequent processing steps, however, heavily depend on the respective
sample type. Exhaled breath condensate, for example, represents a
sample matrix with rather low concentrations of analytes, making
excessively complex sample preparation result in the loss of the majority
of analytes. Yet this matrix has very few interfering substances (e.g.,
proteins, salts), which enables simple concentration by lyophilization
[41]. Plasma, as another extreme example, contains numerous inter-
fering substances, requiring proper sample preparation. In the case of
solid samples (e.g., tissue), the sample needs additional homogeniza-
tion; different approaches such as ultrasonication or beat beating may
also be employed. Here, however, we and others have observed that
approaches based on bead beating generally lead to higher yields and
better reproducibility than other approaches based on ultrasonic treat-
ment (see supplemental Figure S1) [42]. Nevertheless, it must be taken
into account that bead-based methods cause abrasion of the bead matrix,
some of which remains in the samples. At least in the case of HILIC
columns, this abrasion typically elutes at the beginning of the gradient,
meaning that a longer solvent delay must be included in the chro-
matographic run. Indeed, a variety of different extraction methods are
available, such as dilute and shoot, solvent precipitation (i.e., mono-
phasic extraction), liquid-liquid extraction (i.e., biphasic extraction),
and solid-phase extraction. Nevertheless, dilute and shoot approaches
are mainly used for urine, while solid-phase extraction is primarily
employed in targeted metabolomics (due to the selectivity of the solid
phase) [43,44]. Since non-targeted metabolomics primarily requires
methods that provide broad coverage of the metabolome as well as high
recoveries and reproducibility, however, monophasic and biphasic
extraction approaches are predominantly utilized [45]. The latter, such
as the Blight and Dyer [46] or Matyash methods [47], were originally
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Fig. 1. Schematic representation of the monophasic extraction process, taking into account the different sample matrices.

developed for the extraction of lipids, but are also frequently employed
for the additional analysis of polar metabolites [48-51]. Since these
biphasic methods are optimized for lipid extraction, however, they are
not optimized for the recovery of polar metabolites, which should be
taken into account. In addition, when the two methods are directly
compared, monophasic extraction methods typically achieve higher
recovery and reproducibility [36,38,52-54]. This may be particularly
important in clinical discovery studies or if less pronounced effects are
expected. Biphasic extraction methods, on the other hand, generally
lead to less complex samples and improved lipid recovery, as non-polar
and polar analytes are separated from each other. This is likewise of
importance for untargeted metabolomics, as increased complexity
means that more analytes are infused into the mass spectrometer at the
same time. Due to various effects, such as ion suppression, the detection
and identification rate for more complex (monophasic) samples is usu-
ally lower than for the separate analysis of biphasic extracts [55,56]. In
addition, polar analytes generally require a different chromatographic
separation (e.g., HILIC) than nonpolar metabolites (e.g., RPLC), which is
why appropriate separation also appears delicate in this regard. How-
ever, it must always be taken into account that corresponding biphasic
separation is always associated with a certain loss of polar metabolites,
as these methods were not developed for their extraction. In certain
cases, the corresponding recovery may be <50%; in extreme cases, the
analytes may even fall below the LOD (see supplemental Figure S2).
Since highly concentrated or well-ionizing analytes (e.g., creatine or
carnitine) are frequently less affected by such losses, such effects can
also not be compensated for by injecting more sample material, as these
would otherwise exceed the detector saturation limit. Furthermore, the
different ionization efficiencies of the various analytes must also be
taken into account. For example, it is known that an increasing ioniza-
tion efficiency correlates with the hydrophobicity and size of analytes
[57,58]. Thus, in extreme cases, corresponding lipids would already be
at the detector saturation limit, whereas small polar analytes (e.g.,
carboxylic acids) are close to the detection limit. The limited dynamic
range of QTOF devices (also present in other instruments), responsible
for this is currently considered one of the greatest challenges in the field
of untargeted metabolomics [59,60]. Therefore, when focusing on the
analysis of polar metabolites, attempts are made to separate as many
lipids as possible from the polar fraction with minimal loss of polar
metabolites. A suitable compromise was developed here by the group
around O. Fiehn for GC-MS-based analyses, which, however, is also

fundamentally applicable to LC-MS [61]. In a first step, the metabolism
is quenched with a widely applicable solvent in high concentration and
the corresponding proteins are precipitated, analogous to classic
monophasic extraction approaches. In a second step, the dried extract is
resuspended in a 1:1 ACN/H20 mixture, which reduces the lipid content
due to their limited solubility. This extract can then be resuspended
again in a solvent more suitable for the final chromatography. In gen-
eral, this step removes fewer lipids than biphasic extractions, as glyc-
erophospholipids in particular still have a certain degree of solubility
(see supplemental Figure S2). However, this step sufficiently reduces the
complexity of the sample to enable higher identification rates with
significantly higher recoveries, allowing even low-concentration ana-
lytes to be detected (see supplemental Figure S2). Accordingly, we
recommend a different approach depending on sample availability and
the objective of the investigation. In cases where sample material is
limited and discovery approaches are required in both the lipidome and
metabolome, biphasic approaches are certainly justified. However,
when sample material is not limited and the application of two different
extractions is possible, we recommend monophasic extraction for polar
metabolites and biphasic extraction for nonpolar lipids.

Another factor that should be taken into account during sample
preparation and subsequent analysis is the presence of matrix effects.
Matrix effects can be caused by, among other things, salts, peptides, or
lipids present in the sample [62]. Therefore, sample preparation con-
stitutes an essential aspect of reducing matrix effects. Typical key as-
pects of reducing matrix effects include the removal of proteins, lipids,
and salts [63,64]. Nevertheless, matrix effects should be considered
unavoidable to a certain extent, and appropriate compensation strate-
gies should be employed [65]. Potential strategies include the use of
stable isotope-labeled internal standards or the post-column infusion of
standards; however, the former is unsuitable for untargeted metab-
olomics approaches, as each analyte requires its own internal standard
[66], while the latter requires additional equipment [67]. Nevertheless,
more general approaches for reduction of matrix effects include proper
sample dilution and the reduction of injection volumes [63]. This tu-
torial's approach to reducing matrix effects involves the combination of
several sample preparation-based methods, such as protein precipita-
tion, lipid removal, and limited solubilization of salts in the injection
solvent. These mitigating effects are further enhanced by the respective
dilution of the extracts and the utilization of low injection volumes.
Nevertheless, the readers should be aware of the potential presence of
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Fig. 2. Schematic representation of the biphasic extraction process, taking into account the different sample matrices.

such effects; in individual cases, these may be quantified using
isotope-labeled standards, as described in the relevant literature
[62-64]. Additionally, due to these effects, only the same sample matrix
should be analyzed within a single batch whenever possible.

In the following two sections, we will focus on two different sample
extraction techniques: an adapted monophasic protein precipitation for
detection of polar metabolites, employing MeOH followed by a lipid
removal step according to Fiehn et al. [61] and a modified biphasic
MTBE approach for detecting nonpolar lipids according to Al-Sari et al.
[68].

2.1. Monophasic: protein precipitation using methanol followed by lipid
removal

The protein precipitation protocol is based on the widely accepted
use of 75% (v/v) methanol for initial protein precipitation, as methanol
exhibits a higher recovery of polar metabolites compared to acetonitrile
[45,69]. Since methanol also extracts a wide range of lipids and the
protocol was optimized for polar metabolite detection, a corresponding
lipid removal step was added according to Fiehn et al. [61]. In fact, there
are several studies that inject a 1:1 ACN/H,0 extract directly onto a
HILIC column [6]. However, injecting such extracts onto HILIC columns
may lead to increased back pressure after a few injections, as well as
poorer peak shapes [69,70]. For this reason, after lipid removal, the
extract should be dried again and resuspended in the final injection
solvent (see Fig. 1 for the overall workflow). Admittedly, this additional
drying step could result in a further loss of labile analytes, but we have
found higher recoveries for several polar analytes investigated
compared to the biphasic Blight and Dyer approach (only one drying
step, see supplemental Figure S2).

la) In case of liquid samples or non-adherent cells, transfer the
sample into a 1.5 mL tube on ice, containing 450 uL. MeOH (—20 °C).
We recommend the usage of low binding tubes (e.g., Eppendorf, SKU
0030108051). Add the appropriate amount of H-0 to achieve a final
MeOH concentration of 75% (v/v). In case of liquid samples, the
sample volume should be subtracted from the amount of HyO. Af-
terwards, store the tube for 2 h at —80 °C. As an initial starting point
for the different sample matrices, we recommend 10 pL plasma, 20

uL urine, 10 pL saliva, 1 x 10° cells or 100 pL pre-conditioned cell
culture medium.

1b) In case of adherent cells in 6-well plates, wash the cells twice
with cold PBS, remove the supernatant and place the well plate for 2
min. on liquid nitrogen. Afterwards, add 300 pL 75% MeOH to each
well on ice and store the plate for 2 h at —80 °C. Afterwards, scrap the
cells with a rubber tipped scrapper and transfer the lysate toa 1.5 mL
tube. Wash each well once with 300 pL 75% MeOH and combine the
lysates.

1c) In the case of tissue samples that require grinding, we recom-
mend steps la to 6 from the biphasic protocol in Section 2.2. How-
ever, the final MeOH concentration is adjusted to 75%. The lysate is
then stored at —80 °C for 2 h and further processed as described in
step 2. As an initial starting point for the different sample matrices,
we recommend 10 mg tissue (based on lung tissue).

2) Centrifuge the mixture at 20.000 rcf at 4 °C for 15 min.

3) Recover the supernatant (approx. 550 pL) and transfer to a fresh
1.5 mL reaction tube. If necessary, dry down remaining solvent using
a heating block (approx. 40-50 °C) and utilize the pellet for protein
quantification to normalize the samples.

4) Evaporate the recovered supernatant to dryness using a rotary
vacuum concentrator (e.g. RVC 2.25 CDplus, Martin Christ) at 10
mbar for approx. 3 h at 25 °C. Dry extracts can be stored at —80 °C
until analysis.

5) Resuspend the pellet in 500 pL. ACN/H20 (1:1, v:v) and vortex
thoroughly.

6) Centrifuge the mixture at 20.000 rcf at 4 °C for 15 min.

7) Recover the supernatant (approx. 480 uL) and transfer to a fresh
1.5 mL reaction tube.

8) Evaporate the recovered supernatant to dryness using a rotary
vacuum concentrator (e.g. RVC 2.25 CDplus, Martin Christ) at 10
mbar for approx. 2.5 h at 25 °C. Dry extracts can be stored at —80 °C
until analysis.

9) Reconstitute the extract with ACN/H50 (3:1, v:v) with 0.015% (v/
v) formic acid at the following ratios for the different matrices: 300
uL per 10 pL plasma, 300 pL per 20 pL urine, 300 uL per 10 pL saliva,
300 L per 10 mg tissue, 300 uL per 1 x 10° cells or 400 uL per 100 yL
culture medium. Vortex thoroughly.
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10) Sonicate the samples in an ice bath for 5 min and centrifuge at
20.000 rcf at 4 °C for 5 min. Transfer the supernatant into an LC
autosampler vial without disturbing the pellet.

11) Prepare a corresponding pooled QC sample by mixing equal
volumes of all extracted samples (excluding extraction blanks) and
proceed with the corresponding LC-MS analysis.

2.2. Biphasic: MTBE extraction

The MTBE-based extraction protocol of Al-Sari et al. [68] was
adapted to a wide variety of sample matrices, whereby only the corre-
sponding amount of sample material used and the volumes in which the
extracts are resuspended differ (see Fig. 2 for the overall workflow).
Naturally, the respective sample quantities and dilution factors will
depend on the explicit sample material, as there are significant differ-
ences in the respective analyte concentrations. Generally, it should also
be noted that the respective amount of sample used also varies within an
experiment, e.g., it is practically impossible to precisely weigh in the
same amount for a number of tissue samples. We recommend a
maximum deviation of +5 mg of tissue to minimize fluctuations caused
by weighing and to allow for subsequent normalization to the initial
weight. For larger pieces of frozen tissue, it is advisable to first coarsely
grind them with disposable pestles (e.g., Carl Roth, SKU CXH9.1).
Furthermore, as mentioned previously, we recommend this protocol for
analysis of nonpolar lipids only, if available sample amounts allow two
different extraction approaches.

1a) In the case of tissue samples or non-adherent cells, transfer the
sample into a 2 mL tube on ice, containing 1.4 mm zirconium silicate
spheres (e.g., MP Biomedicals, SKU 116913050-CF). As an initial
starting point for the different sample matrices, we recommend 10
mg tissue (based on lung tissue) or 1 x 10° cells.

1b) In case of liquid samples, transfer the sample into a 1.5 mL tube
on ice. As an initial starting point for the different sample matrices,
we recommend 10 pL plasma, 20 pL urine, 10 pL saliva or 100 uL pre-
conditioned cell culture medium. Furthermore, skip steps 4 to 6 and
sonicate the samples in an ice bath for 5 min prior proceeding with
step 7.

1c) In case of adherent cells in 6-well plates, wash the cells twice with
cold PBS, remove the supernatant and place the well plate for 2 min.
on liquid nitrogen. Afterwards, add 300 uL 50% MeOH to each well
on ice and store the plate for 2 h at —80 °C. Afterwards, scrap the
cells with a rubber tipped scrapper and transfer the lysate to a 2 mL
tube on ice, containing 1.4 mm zirconium silicate spheres (e.g., MP
Biomedicals, SKU 116913050-CF). Wash each well once with 300 pL
50% MeOH and combine the lysates, then proceed with step 4.

2) Add 300 uL MeOH (—20 °C cold) to the tube, vortex

3a) In case of solid samples, add 300 uL ice-cold HO to the tube,
vortex

3b) In the case of liquid samples, subtract the sample volume from
the 300 pL of ice-cold H2O and transfer the difference to the tube and
vortex. For example, if you have provided 10 pL of plasma as a
sample, add 290 uL of H,0 here.

4) Lyse the sample in a corresponding bead beating grinder (e.g.,
FastPrep-24, MP Biomedicals) for 20 s at 6.5 m/s and place the tube
afterwards for 20 s in liquid nitrogen. Repeat this lyse-freeze cycle
twice, resulting in a total of three cycles.

5) After thawing, quickly spin down the liquid by shortly centri-
fuging and transfer the homogenate into a clean 1.5 mL reaction tube
on ice. We recommend the usage of low binding tubes (e.g.,
Eppendorf, SKU 0030108051).

6) Add 100 pL ice-cold MeOH/H,0 (1:1, v:v) to the 2 mL tube, vortex
shortly and spin down the liquid to recover the remaining homoge-
nate. Transfer the liquid using a 200 uL pipet to the 1.5 mL reaction
tube from step 5.
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7) Add 600 puL MTBE to the reaction tube on ice and vortex
thoroughly.

8) Centrifuge the mixture at 20.000 rcf at 4 °C for 20 min.

9a) Recover the upper lipid phase (approx. 450 uL) and transfer to a
fresh 1.5 mL reaction tube. We recommend pre-rinsing the pipette
with fresh MTBE prior to transfer.

9b) Recover the lower polar phase (approx. 450 pL) without dis-
turbing the pellet and transfer to a fresh 1.5 mL reaction tube. We
recommend pre-rinsing the pipette with fresh MeOH prior to
transfer.

10) Evaporate both phases to dryness using a rotary vacuum
concentrator (e.g., RVC 2.25 CDplus, Martin Christ) at 15 mbar for
approx. 4 h at 35 °C. Dry extracts can be stored at —80 °C until
analysis.

11a) In case of the lipid phase, reconstitute the extract with 2-
Propanol/ACN/H20 (4:3:1, v:v:v) at the following ratios for the
different matrices: 400 uL per 10 uL plasma, 400 uL per 20 uL urine,
400 pL per 10 pL saliva, 800 pL per 10 mg tissue, 400 uL per 1 x 106
cells or 200 pL per 100 pL culture medium. Vortex thoroughly.
11b) In case of the polar phase, reconstitute the extract with ACN/
H30 (3:1, v:v) with 0.015% formic acid at the following ratios for the
different matrices: 300 uL per 10 uL plasma, 300 pL per 20 uL urine,
300 pL per 10 pL saliva, 300 pL per 10 mg tissue, 300 uL per 1 x 10°
cells or 400 pL per 100 pL culture medium. Vortex thoroughly.

12) Sonicate the samples in an ice bath for 5 min and centrifuge at
20.000 rcf at 4 °C for 5 min. Transfer the supernatant into an LC
autosampler vial without disturbing the pellet.

13) Prepare a corresponding pooled QC sample by mixing equal
volumes of all extracted samples (excluding extraction blanks) and
proceed with the corresponding LC-MS analysis.

3. Chromatographic separation

Due to the availability of several different column chemistries and
their correspondingly different selectivity, there is great variation in the
chromatography employed by different scientists. Naturally, the chro-
matography used depends on many different factors, such as the
composition of the sample, type of extract, analytes of interest or the
time desired per sample. In general, however, the use of reverse phase
(e.g., C8- or C18-based column materials [71]), mixed mode phase (e.g.
C18-based materials with additional positive or negative charge [72]) or
hydrophilic interaction phase (e.g. unmodified silica, amide-based or
zwitterionic-based materials [6,73]) has become predominant in recent
years. In general, reverse-phase and mixed mode-phase based ap-
proaches are more suitable for the separation of monophasic extracts, as
these contain a wide range of polar, semi-polar and non-polar analytes
[74-76]. However, it must be considered that rather long gradients are
required due to the high diversity in polarity, as very polar analytes (e.
g., amino acids or carboxylic acids) typically elute within the first few
minutes, whereas non-polar analytes (e.g., phosphatidylcholines) elute
at a very late stage. Since rather weak eluents are used here due to the
presence of polar analytes, an additional analysis of strongly non-polar
analytes (e.g., triglycerides, cholesterol esters) is hardly possible.
Furthermore, it should be taken into account that different polar and
semi-polar analytes can elute similarly (e.g., amino acids and lyso-
phosphatidylcholines [71]), which is why certain ion-suppressive effects
can be expected.

In case of separated extractions, however, the polar extracts are
typically subjected to HILIC separation, whereas the non-polar extracts
are subjected to reverse-phase separation. In the case of HILIC separa-
tion, two dominant phases have been increasingly used in recent years;
zwitterionic (e.g. sulfobetaine- or phosphorylcholine-based) and amide-
modified phases. Several studies have demonstrated that zwitterionic
phases generally lead to the detection of more compounds compared to
amide phases, especially at neutral pH values [73,77]. In general,
zwitterionic columns are better suited to the separation of charged



L. Kaiser et al.

Table 2
Separation parameters for neutral HILIC.
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Table 3
Separation parameters for basic HILIC.

Solvent A: ACN/H50 (94:6, v:v) with 5 mM Ammonium Formate, pH 6.5

Solvent B:
Wash Solvent:
Purge Solvent:

ACN/H50 (30:70, v:v) with 5 mM Ammonium Formate, pH 6.5
ACN/H,0 (40:60, v:v)
ACN/H,0 (94:6, v:v) with 5 mM Ammonium Formate, pH 6.5

Pre-Inject Wash: 3s
Post-Inject Wash: 6s
Column: Atlantis Premier BEH Z-HILIC VanGuard FIT Column (1.7 pm,

2.1 mm x 150 mm) in combination with an Atlantis Premier
BEH Z-HILIC VanGuard FIT Cartridge (1.7 pm, 2.1 x 5 mm)
Column 40 °C

temperature:
Sample 7°C
temperature:
Flow rate: 0.5 mL/min
Gradient: 0 min, 100% A; 3 min, 100% A; 17 min, 60% A; 21 min, 15% A;
21.1 min, 100% A; 28 min, 100% A
Injection volume: 1L

isomers (e.g. leucine and isoleucine), explaining the increased number
of compounds detected [77]. Nevertheless, amide-based column mate-
rials exhibit better separation behavior for hexoses (e.g., glucose, fruc-
tose), which is why, they also have their advantages depending on the
field of application [78]. Furthermore, both column types are typically
used at different pH ranges, also depending on the stability of the cor-
responding column material; acidic, neutral and basic. Separation under
basic conditions seems to be particularly advantageous for negatively
ionizing substances [79-82]. In the case of positively ionizing sub-
stances and the use of zwitterionic materials, however, a neutral pH
seems to be superior to an acidic pH [73]. In this section we, therefore,
present three different chromatographic separation methods for polar
and non-polar analyses employing a BEH Z-HILIC column (polar ana-
lytes, neutral and basic conditions) and a CSH C18 column (non-polar
analytes, neutral conditions). We recommend injecting a mixture to
verify system suitability after conditioning the system but before
analyzing the actual samples, in order to assess the overall performance
of the LC—HRMS system. Appropriate mixtures for the various methods
are listed in supplemental Table S1. All chromatographic separations
were performed using an Acquity H—Class UPLC system (Waters Cor-
poration, Milford, USA) with a Quaternary Solvent Manager.

3.1. Neutral Z-HILIC

This section describes the chromatographic method parameters for
the separation of polar metabolites using the BEH Z-HILIC column in the
neutral pH range (see Table 2). The gradient is based on the method-
ology of Lioupi et al. [83], but has been modified based on the findings
of Contrepois et al. [73]. This separation method is predominantly
employed for positive ionizing compounds from polar extracts gener-
ated from the monophasic extraction described in Section 2.1. The
respective injection volumes were optimized for the extract concentra-
tions recommended in Section 2.1, step 9, ensuring that all analyte peaks
remain below the detector saturation limit. Nevertheless, a corre-
sponding pooled QC should be analyzed at least once before each batch,
in order to make appropriate adjustments to the extract concentration.
In addition, due to the inevitable abrasion when using zirconium silicate
beads, the MS diverter valve should be diverted to waste during the first
1.5 min of the chromatographic method, if corresponding beads were
used for sample preparation.

3.2. Basic Z-HILIC

This section describes the chromatographic method parameters for
the separation of polar metabolites using the BEH Z-HILIC column in the
basic pH range (see Table 3). The method of Lioupi et al. [83] was used
as initial gradient, but was modified on the basis of our own

Solvent A: ACN/H50 (90:10, v:v) with 2.5 mM Ammonium Formate, pH
9.0
Solvent B: ACN/H30 (10:90, v:v) with 2.5 mM Ammonium Formate, pH

9.0
ACN/H0 (40:60, v:v)
ACN/H0 (90:10, v:v) with 2.5 mM Ammonium Formate, pH 9.

Wash Solvent:
Purge Solvent:

Pre-Inject Wash: 3s
Post-Inject Wash: 6s
Column: Atlantis Premier BEH Z-HILIC VanGuard FIT Column (1.7 um,

2.1 mm x 150 mm) in combination with a Atlantis Premier BEH
Z-HILIC VanGuard FIT Cartridge (1.7 ym, 2.1 x 5 mm)

Column 40 °C
temperature:
Sample 7°C
temperature:
Flow rate: 0.5 mL/min
Gradient: 0 min, 100% A; 3 min, 100% A; 20 min, 68.5% A; 24 min, 15%

A; 26 min, 15% A; 26.1 min, 100% A; 33 min, 100% A
Injection volume: 5uL

Table 4
Separation parameters for RPLC.

Solvent A: ACN/H0 (60:40, v:v) with 10 mM Ammonium formate and
0.1% (v:v) formic acid
Solvent B: IPA/ACN (90:10, v:v) with 10 mM Ammonium formate and

0.1% (v:v) formic acid

ACN/H,0/IPA (30:30:40, v:v:v)

ACN/H,0 (60:40, v:v) with 10 mM Ammonium formate and
0.1% (v:v) formic acid

Wash Solvent:
Purge Solvent:

Pre-Inject Wash: 3s
Post-Inject Wash: 6s
Column: ACQUITY UPLC CSH C18 Column (1.7 um, 2.1 x 100 mm) in

combination with a VanGuard ACQUITY CSH C18 Guard
Column (1.7 pm, 2.1 x 5 mm)

Column 55°C
temperature:
Sample 7°C
temperature:
Flow rate: 0.4 mL/min
Gradient: 0 min, 60% A; 2 min, 57% A; 2.1 min, 50% A; 12 min, 46% A;

12.1 min, 30% A; 18 min, 1% A; 18.1 min, 60% A; 20 min, 60%
A

Positive ionization: 1.5 uL (cell and tissue extract), 1 pL
(plasma, urine and saliva extract), 3 uL (culture media extract)
Negative ionization: 5 uL

Injection volume:

investigations. This separation method is mainly employed for negative
ionizing compounds in polar extracts derived from the monophasic
extraction described in Section 2.1. The respective injection volumes
were optimized for the extract concentrations recommended in Section
2.1, step 9, ensuring that all analyte peaks remain below the saturation
limit of the detector. Nevertheless, a corresponding pooled QC should be
analyzed at least once before each batch to allow appropriate adjust-
ments to the extract concentration. In addition, due to the inevitable
abrasion when using zirconium silicate beads, the MS diverter valve
should be diverted to waste during the first minute of the chromato-
graphic method if corresponding beads were used for sample
preparation.

3.3. Non-polar metabolites

This section describes the parameters of the chromatographic
method for the separation of non-polar metabolites using the CSH—C18
column (see Table 4). The gradient is based on the methodology of
Paglia and Astarita [6], which allows the separation of relatively polar
lipids (e.g. lysophospholipids and long-chain acyl-carnitines), as well as
strongly non-polar lipids (e.g. triglycerides and cholesterol esters). This
separation method is mainly employed for the non-polar extracts
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derived from the MTBE extraction described in Section 2.2, here both
positive and negative ionizing compounds can be assessed. The respec-
tive injection volumes were optimized for the extract concentrations
recommended in Section 2.2, step 11a, to keep all analyte peaks below
the saturation limit of the detector. Nevertheless, the corresponding
pooled QC should be analyzed at least once before each batch in order to
be able to make appropriate adjustments to the extract concentration. In
addition, due to the inevitable abrasion when using zirconium silicate
beads, the MS diverter valve should be diverted to waste during the first
minute of the chromatographic method if corresponding beads were
used for sample preparation.

4. Mass spectrometer setup

When setting up the mass spectrometer to measure a range of ana-
lytes, there are several different parameters which may be optimized
depending on various factors. These range from electrospray ionization
(ESI) parameters (e.g., capillary voltage, source and desolvation tem-
perature), ion guide (e.g., StepWave and ion guide RF settings in the case
of the Synapt QTOF) and collision cell (e.g., trap and transfer collision
energy (CE) in the case of the Synapt QTOF) parameters, lock mass
parameters through to the TOF parameters (e.g., mass range, scan time
or resolution). As already indicated in Table 1, the parameters selected
here can vary greatly, even when using the same mass spectrometer.
Obviously, some parameters are directly related to the selected chro-
matographic separation, e.g., higher eluent flows from the LC, as well as
high aqueous content, typically require higher temperatures and gas
flows in the ESI source. In case of the capillary voltage, it is also known
that higher values tend to lead to improved ionization of a wide range of
analytes, although values that are too high can lead to in-source frag-
mentation [84]. Depending on the ESI source design, however, the
corresponding optimum capillary voltage values can differ significantly,
which is why different manufacturers recommend different values.
Interestingly, Waters recommend a value between 0.5-0.7 kV for the
standard ESI source of the Synapt XS when running UPLC applications in
positive mode, although most articles report values between 2.0 - 3.0 kV
(see Table 1). Based on our own investigations, however, we have come
to the conclusion that values around 2.0 kV have no additional value
compared to 0.5 kV, but tend to result in lower ionization of several
analytes (see supplemental Table S2). In negative mode, on the other
hand, the manufacturer's recommendations (2.0 kV) largely coincide
with those in the literature (2.0 - 2.5 kV, see Table 1). Other parameters,
such as source temperature, desolvation temperature or the various gas
flows are in fact highly dependent on the respective chromatography
used, which is why we only recommend the optima for the chromato-
graphic separations we employ (see supplemental Table S3 to S8).

The most important general parameters for the measurement of more
labile analytes are, in our opinion, the trap and transfer collision energy
(see supplemental Table S7 to S9), which are hardly mentioned in the
literature for the Synapt XS. In a typical MS/MS experiment, a spectrum
is usually first recorded at low collision energy (i.e., MS1) and then
either individual peaks are selectively fragmented (data dependent
analysis, DDA) or a broad mass range is fragmented (data independent
analysis, DIA) at high collision energies. The default settings of the
Synapt XS are 4 V for Trap CE and 2 V for Transfer CE in the case of low
collision energy. However, these values are already sufficient for more
labile analytes (e.g., phenylalanine, tryptophan or proline) to fragment
excessively (see supplemental Figure S3 and supplemental Table S9). We
therefore recommend that these are reduced manually. The optimum
values are between 1.5 - 3 V for trap CE and at 0.5 V for transfer CE (see
supplemental Table S9). As we have not yet noticed any detrimental
effects on other analytes as a result of this adjustment (see supplemental
Table S7 and S8), we generally recommend adjusting these values in-
dependent of the respective recording function employed (MS1, DDA,
DIA, with and without additional IMS). Another important cause of
increased fragmentation of labile compounds are the voltages applied
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within the StepWave. Although the corresponding parameters (i.e., body
gradient, head gradient, StepWave RF and ion guide RF) can be opti-
mized with regard to the fragmentation of labile compounds, this
significantly reduces the transfer of larger molecules (approx. > 500 m/
2z, see supplemental Table S10). We therefore recommend only adjusting
these parameters in special cases, as larger compounds (e.g., acetyl-CoA
or NAD) are considerably attenuated.

Other values, such as the scan time, are directly dependent on the
respective analysis mode (DDA or DIA) and the maximum peak resolu-
tion of the chromatography. In the case of DIA approaches (termed MS®
in Waters devices), two functions, low collision energy and high colli-
sion energy, are typically recorded one after the other, whereas with
DDA approaches this can vary greatly depending on the number of peaks
to be fragmented per survey scan (top n, typically between 3 and 20).
This is particularly important for the corresponding cycle time and the
resulting number of data points recorded per peak, which also depends
on the chromatographic resolution. In the case of the separation
methods described here, the majority of peaks obtained are typically
approx. 6 s wide, which is why a scan time of 0.25 s/spectrum in MS®
mode (total cycle time approx. 0.531 s) leads to around 11 data points
per peak. In DDA mode, on the other hand, a scan time of 0.1 s for MS1,
followed by 8 MS/MS functions with a scan time of 0.05 s leads to a total
cycle time of 0.78 s, which is why only approx. 7 data points are
recorded per peak [24]. Accordingly, significantly higher scan times can
be selected for DIA approaches than for DDA approaches. Similarly, for
HPLC-based separations, with typically broader peaks compared to
UPLC-based separations, higher scan times may also be selected.

Generally, when deciding whether to measure in DDA or DIA mode,
the above-mentioned problem of scan time and the corresponding
coverage of the peak must be taken into account. Nonetheless, DDA is
often preferred over DIA, as a higher purity of the corresponding MS/MS
spectra is frequently observed and thus a better identification rate can be
achieved [85]. One drawback of DDA-based approaches, though, is the
lower number of MS/MS spectra per sample. The above-mentioned
phenomenon of shorter scan times with DDA approaches also plays an
important role in the case of the Synapt XS. Our investigations indicate
that a higher mass error and a lower isotope similarity can be observed
for several analytes when employing DDA-based approaches (see sup-
plemental Table S11). We assume, this results from shorter scan times
and thus lower overall peak heights in DDA mode. In addition, others
observed that the fragment scores were quite similar for selected me-
tabolites in both cases [82]. Importantly, in the case of the DDA-based
approach, several metabolites are not fragmented due to their low
signal intensity, explaining a lack of identification via characteristic
fragments here (see supplemental Table S11). For these reasons, we
generally recommend the use of DIA-based approaches for the Synapt
XS. In case that several compounds of interest could not be identified by
DIA, an additional DDA-based approach may still be employed on cor-
responding pooled QC samples in combination with an inclusion list of
the corresponding compounds.

4.1. Data-independent acquisition approach

As previously explained, we focus here only on the parameters of an
MS¢®-based approach. In the case of polar analytes, we typically cover a
mass range between 50 - 1200 m/z; in the case of non-polar analytes, this
may be extended to the range between 50 - 2000 m/z. High-resolution
continuum mode mass spectra are then acquired in both ionization
modes, with the following acquisition parameters: capillary voltage of
0.5 kV (positive mode) or 2.0 kV (negative mode); sample cone, 10 V;
source offset, 4; source temperature, 120 °C; desolvation temperature,
450 °C; cone gas, 50 L/h; desolvation gas, 1000 L/h; nebulizer, 6.5 bar;
resolution mode; scan time, 0.25 s/spectra; low energy function, 3 V trap
CE, 0.5V transfer CE; high energy function, 20-45 V trap CE ramp, 0.5V
transfer CE; Lockmass: Leucine enkephalin, 556.2771 m/z (positive
mode) or 554.2615 m/z (negative mode); acquisition time, 0.25 s;
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interval, 20 s; scans to average, 3; mass window, + 0.5 Da; do not apply
correction.

Calibration of the mass spectrometer with sodium formate for a mass
range up to 2000 m/z should be performed directly before analyzing the
corresponding sample set. Typically, a 0.5 mM sodium formate solution
in IPA/H50 (90:10, v:v) is employed for this purpose. We recommend
using sodium formate salt (e.g., Sigma-Aldrich, SKU 106443) to prepare
the solution. Generally, the calibration should be valid for at least one
week, although this heavily depends on the environmental conditions (e.
g., temperature fluctuations). We, therefore, recommend checking the
calibration at regular intervals to get a rough idea of the intervals at
which the mass spectrometer needs to be recalibrated.

4.2. Ion mobility

The integration of an additional separation according to the corre-
sponding ion mobility in mass spectrometers appears promising, as it
provides an additional separation dimension based on the size, shape
and charge of the analytes (collision cross section, CCS). In this way,
cleaner mass spectra are obtained, corresponding interferences are
eliminated and the maximum number of separable peaks is increased [6,
86,87]. Ideally, even isomeric and isobaric analytes can be separated
and differentiated [88]. Since the CCS is a physiochemical,
analyte-specific value, it can also be transferred from one device to the
next, and in silico prediction of corresponding candidate structures is
possible [89]. Indeed, various techniques are employed for ion mobility
separation (IMS). Depending on the technique, the reproducibility of the
CCS values also varies; a relative standard deviation (RSD) of 0.29% was
reported for devices based on drift tubes, while RSD values <1% were
reported for devices based on traveling waves [90]. Based on these re-
ports, CCS deviations of 2% are typically considered reasonable.

Despite the advantages described above, the additional IMS also has
drawbacks. In general, IMS is associated with a loss of sensitivity and ion
transmission, and the effective dynamic range of the measurement is
significantly restricted due to the temporal concentration of ions [17,
19]. In particular, ions with a low m/z are poorly transmitted in all IMS
techniques, which is why they frequently cannot be detected [86]. In the
case of traveling wave-based IMS in the Synapt XS, one of the main
limiting factors is the aforementioned heating of the ions, resulting in
their excessive fragmentation [15,16]. Overall, the effects mentioned
above cause some analytes to fall below the detection limit and thus
become undetectable. Admittedly, it is difficult to quantify the influence
of IMS on the detection limit in complex samples, as the chemical noise
is reduced, yet concurrently more peaks are found due to the
above-mentioned fragmentation, separation of isomers and formation of
protomers [6]. It is, therefore, not easily possible to analyze a sample
with and without IMS and compare the total number of peaks detected.
However, our own investigations have indicated that these effects can be
quite pronounced (see supplemental Figure S4). From a standard
mixture of seven amino acids, creatinine, NAD and acetyl-CoA, six out of
seven amino acids are no longer detectable at physiological concentra-
tions when using the standard parameters for IMS. Phenylalanine, as an
extreme example, shows a reduction in the peak height from approx. 2.3
x 10° without IMS to below the LOD with IMS. Larger molecules such as
NAD and acetyl-CoA, on the other hand, are hardly affected by a signal
reduction.

Since the analysis of polar metabolites in particular contains several
relatively labile analytes (e.g., the amino acids mentioned above), we
expect the most pronounced negative effects from the use of IMS here.
Like various other research groups, we therefore recommend the use of
IMS only for the analysis of the pooled QC sample and not all samples in
the case of polar analytes, as a significant loss of potentially relevant
analytes is to be expected here [91]. In addition, corresponding CCS
values of isomers of smaller analytes are often within the generally
accepted deviation range of 2%, which is why an additional gain in
information also appears questionable here [92]. As a matter of fact,
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Asef et al. carried out a study on the additional benefit of TWIMS for
identification purposes [22]. Here, two different C. elegans mutants
were analyzed for their metabolic content using an Orbitrap device,
resulting in the identification of 55 significantly altered features,
including corresponding MS/MS data. The pooled QC was then
re-analyzed with additional IMS under identical chromatographic con-
ditions on a Synapt G2-S, also employing settings for labile compounds.
Here, a CCS value could be determined for 34 of these features, but these
were only meaningful enough for 19 candidates to exclude alternative
identifications, illustrating the limitations of using IMS. In contrast, the
use of IMS is generally recommended for the analysis of all samples in
lipidomics, as they contain less labile analytes and usually many iso-
mers, in which case the advantages of IMS clearly outweigh the potential
disadvantages [93].

Indeed, various parameters of TWIMS devices can be adjusted in
such a way that fragmentation or loss of transmission of small analytes is
minimized (see supplemental Table S11). These labile compound set-
tings, therefore, enable the employment of IMS for small polar analytes;
they, however, have the disadvantage that the transmission of larger
analytes (typically > 500 m/z) is severely restricted, if not completely
prevented (see supplemental Table S10 for single effects of different
parameters and supplemental Figure S4 for combined effects as
described in Section 4.2.2). Thus, these labile settings should only be
employed for the analysis of polar analytes but not for lipidomics. In the
following two sections, we therefore present both the standard TWIMS
settings for lipidomics and the labile compound settings for small polar
analytes.

4.2.1. Standard TWIMS settings for separation of non-labile compounds
In this section we describe the standard settings for the IMS of non-
labile analytes. Device-specific parameters that have not been changed
are not listed here. Typically, we use these settings in conjunction with
the chromatographic separation of non-polar metabolites, see Section
3.2. Here, we cover a mass range between 50 - 2000 m/z. Ion mobility
separated, high-resolution continuum mode mass spectra (HDMS®
mode) are then acquired in both ionization modes, with the following
acquisition parameters: capillary voltage of 0.5 kV (positive mode) or
2.0 kV (negative mode); sample cone, 10 V; source offset, 4; source
temperature, 120 °C; desolvation temperature, 450 °C; cone gas, 50 L/h;
desolvation gas, 1000 L/h; nebulizer, 6.5 bar; trap gas flow, 2 mL/min;
helium cell gas flow, 180 mL/min; IM gas flow (N3), 90 mL/min; IMS
wave velocity, 700 m/s; IMS wave height, 40 V; transfer wave velocity,
183 m/s; transfer wave height, 4 V; IMS Wave delay, 1000 ps; resolution
mode; scan time, 0.3 s/spectra; low energy function, 3 V trap CE, 0.5 V
transfer CE; high energy function, 20-45 V trap CE ramp, 0.5 V transfer
CE; Lockmass: Leucine enkephalin, 556.2771 m/z (positive mode) or
554.2615 m/z (negative mode); acquisition time, 0.3 s; interval, 20 s;
scans to average, 3; mass window, + 0.5 Da; do not apply correction.
Before the corresponding analysis, we recommend the CCS calibra-
tion using the Major Mix IMS/ToF Calibration Kit (Waters, SKU
186008113), according to the manufacturer's guidelines. The corre-
sponding values for the IMS Wave Velocity depend on the sample matrix
and the containing metabolites, as well as on the mass range covered. In
the settings presented here, an extended mass range up to 2000 m/z is
recorded, which is why, the IMS Wave Velocity should not exceed 700
m/s. Higher values lead to an insufficient transmission of the reference
masses 1821.9528 & 1921.9464 m/z from the major mix, which is why
an assisted calibration either fails due to low intensities or the acquisi-
tion time is increased to such an extent that the calibration is aborted
after some time. In general, if such errors occur during CCS calibration,
we recommend checking the reference mass selected by the software
during the assisted calibration again by continuous infusion of the major
mix and evaluating a reduced transmission of the mass depending on the
wave velocity. Since the wave velocity can be optimized depending on
the sample to be analyzed, we recommend either commercial reference
materials such as brain lipid extract (e.g., Avanti polar lipids, SKU
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Table 5
Overview on the tunable range of different parameters for enhanced IMS
transmission of labile compounds.

Parameter Default Tunable range
Sample cone 40 10 - 40

Trap CE 4 1.5-3
Transfer CE 2 0-0.5

Trap DC entrance 1 0-1

Trap DC —4.0 —4.0 - -2.0
StepWave DC body gradient 20 10 - 20
StepWave DC head gradient 10 5-10

RF settings StepWave 150 100 - 150

RF settings ion guide 350 150 - 350

131101) or self-produced reference materials such as a pooled QC
sample. A detailed step-by-step guide for the corresponding optimiza-
tion of the TWIMS setting has been described by Paglia & Astarita [6].

4.2.2. TWIMS settings for separation of labile compounds

In this section we describe the additional settings for the IMS of labile
analytes. Device-specific parameters that have not been changed are not
listed here. Typically, we use these settings in conjunction with the
chromatographic separation of polar metabolites, see Section 3.1. Here,
we typically cover a mass range between 50 - 1200 m/z. Ion mobility
separated, high-resolution continuum mode mass spectra (HDMS®
mode) are then acquired in both ionization modes, with the following
acquisition parameters: capillary voltage of 0.5 kV (positive mode) or
2.0 kV (negative mode); sample cone, 10 V; source offset, 4; source
temperature, 120 °C; desolvation temperature, 450 °C; cone gas, 50 L/h;
desolvation gas, 1000 L/h; nebulizer, 6.5 bar; trap gas flow, 2 mL/min;
helium cell gas flow, 180 mL/min; IM gas flow (N3), 90 mL/min; IMS
wave velocity, 750 m/s; IMS wave height, 40 V; transfer wave velocity,
183 m/s; transfer wave height, 4 V; IMS Wave delay, 1000 ps; trap DC
entrance, 0 V; trap DC, —2.0; StepWave DC body gradient, 10 V; Step-
Wave DC head gradient, 5 V; RF settings StepWave, 100 V; RF settings
ion guide, 150 V; resolution mode; scan time, 0.3 s/spectra; low energy
function, 3 V trap CE, 0.5 V transfer CE; high energy function, 20-45 V
trap CE ramp, 0.5 V transfer CE; Lockmass: Leucine enkephalin,
556.2771 m/z (positive mode) or 554.2615 m/z (negative mode);
acquisition time, 0.3 s; interval, 20 s; scans to average, 3; mass window,
+ 0.5 Da; do not apply correction.

In principle, the labile settings described here were optimized on the
basis of the previously described effects of the IMS on the amino acids
contained in the standard mixture. The optimized values described here
increased the transmission of various amino acids to such an extent that
a peak became visible again (see supplemental Figure S4). However, as
already outlined above, these settings also lead to a significant reduction
in the ion transmission of larger analytes (see supplemental Figure S4),
which is why a compromise may also be considered depending on the
respective sample matrix. For this reason, the individual parameters are
also listed with the respective tunable range in Table 5.

5. Data extraction (Progenesis QI)

After successful data acquisition of the respective extracts employing
the methods described above, the data is pre-processed and analyzed by
bioinformatic methods. Since the latter step depends on the respective
research question, a multitude of different commercial and open-source
software solutions are available (e.g. EZ Info, MetaboAnalyst, Prism,
various packages for R and Phython), and a wide variety of statistical
methods are applicable. We will only focus on the pre-processing of the
data obtained in this section.

In general, pre-processing can be divided into two core processes, the
detection of peaks and their annotation. Various software tools are
available for these tasks, with the most commonly used open-source
software being MZmine [94], XCMS [95] and MS-DIAL [96], although
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commercial solutions such as Progenesis QI, MarkerView [97] and
Compound Discover [98] are also frequently employed. It is important
to note that different software solutions also generate different results
from identical raw data, which have an impact on both the quantitative
[99] and biological level [100]. So far, no consensus has been reached
on the best solution for pre-processing untargeted metabolomics data,
also in view of the fact that new tools (e.g., peakonly [101]) are
constantly being developed.

Other important aspects for the pre-processing of corresponding raw
data are the data format and the corresponding acquisition mode (i.e.,
DDA, DIA, with or without ion mobility). Until recently, raw DIA data
from Waters devices (raw format) in particular could hardly be con-
verted into corresponding open file formats (e.g. .mzML or .mzXML) and
thus processed with open source software (e.g. MZmine). Although a
corresponding conversion option is available in principle with the
MSConvert function of the ProteoWizard, this often represents a
considerable obstacle in practice, as conversion is only possible with
centroided and lockmass corrected files. This difficulty is further illus-
trated by the fact that Waters itself has now published the DATA Convert
tool (available via the Waters Digital Software Delivery and License
Entitlement platform), which converts DIA, DDA and HD-DDA data into
a mzML format and is also recommended by the creators of MZmine
instead of using MSConvert. With the latter format (HD-DDA), however,
the additional information of the ion mobility separation is lost, which
once again underlines the difficulty of data conversion. The additional
IM separation also means that not all open-source approaches can be
employed. In the case of Waters DIA raw data, the open source software
MS-DIAL [102] and the proprietary software Progenesis QI are currently
the primary tools in use. As the open-source solution MS-DIAL has a lot
of tutorials and instructions available, we will only focus on the pro-
prietary software Progenesis QI (Version 3.0.7927.47290) in this
section.

Generally, our experience suggests that the main factor influencing
peak picking is the peak shape. If individual known peaks are not picked,
this indicates a reduced separation capacity of the column employed.
Accordingly, we always recommend injecting a test mixture consisting
of known analytes with different retention times before analyzing the
samples (see supplemental Table S1). Here, the isomer pair leucine and
isoleucine is particularly suitable for this purpose. The first step of
preprocessing, peak detection, can be broken down into further indi-
vidual aspects. For example, the re-alignment of retention time shifts,
the grouping of different adducts to the same molecular ion or the type
of normalization play a role here. As there is hardly any information on
this in most publications, we would like to create a basis for a stan-
dardized approach here [100,103-109].

The process generally starts with importing the data. It is important
to ensure that the data was recorded in continuum mode and that
lockmass correction is only performed in Progenesis QI, as this provides
better correction than during data recording in Masslynx. As an initial
adduct selection, we recommend (M + H)*, (M+Na)", (M + K)™, (M +
H—H,0)™, as well as (M + 2H)?>" and (M + 3H)>* for positive mode and
(M-H), (M+Cl), (M+FA) (or acetic acid), (M-H-H,0)", as well as (M-
2H)* and (M-3H)*" for negative mode. The inclusion of multiple charge
states plays a particularly important role, as it enables effective filtering
of such multiply charged analytes from data set in the further course of
the process. Furthermore, the filter strength should be left unchanged at
1; we have not yet observed any noticeable beneficial effects of this
setting.

In the next step, the alignment reference is selected and peak picking
is performed. In the case of the alignment reference, we recommend
limiting this to corresponding pooled QCs in the dataset, as these should
represent a mixture of all peaks, and the process time is reduced to an
acceptable level. As a minimum setting, we recommend excluding cor-
responding extraction blanks from the selection, as these usually lead to
incorrect alignment. During peak picking, all runs should be included, if
possible, as individual samples (groups) may contain analytes that are
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Fig. 3. Identification of misalignment in Progenesis QI. Misaligned features frequently display some replicates with zero intensity, while the remaining replicates are
close to each other (A), which will be displayed as two peaks in the 2D ion intensity map (B). Corresponding alignment scores can be high even in absence of any
vector (C), however, misalignment mostly becomes apparent via a sudden drop in vector amount per sample (D and F). Good aligned samples do not contain such a

drop (E).

below the LOD due to corresponding dilution in the pooled QC.
Extraction blanks should also be included to enable effective filtering of
background signals. In our experience, the most important parameter for
peak picking is the minimum peak width, as this effectively removes
noise. We and others typically use a minimum peak width of 0.05 min
[110]. We also recommend the “automatic” method with a sensitivity of
3 as the picking algorithm [25,110,111]. In our experience, higher
sensitivity only results in increased noise, while lower sensitivity re-
duces the number of small peaks picked, which may be relevant for
mechanistic investigations. Nevertheless, in the case of biomarker dis-
covery studies, which primarily address analytes that have a certain
intensity and stability, a lower sensitivity may also be selected. Corre-
sponding retention time limits can be used, but we recommend
employing corresponding solvent delays during data acquisition.

After the data set has been automatically processed, the next step is
to review the alignment of the samples to the reference. Sample align-
ment is one of the most important steps in the evaluation of untargeted
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metabolomics data, as it is the only way to compare individual analytes
between different samples. According to our experience, the alignment
algorithms in Progenesis QI are generally good, but not error-free, even
with robust chromatographic methods. One reason for this may be that
the alignment takes place prior to peak detection, whereas with
MZmine, for example, the alignment is performed after peak detection.
Here, in the worst case, incorrect alignment may result in one analyte
being detected as two different analytes. Typically, such a case becomes
apparent in the review compounds screen with some replicates of the
affected analyte group have zero intensity, while the remaining repli-
cates are close to each other (see Fig. 3A). In the worst case, incorrect
alignment can lead to individual analytes with similar retention times
and small mass differences being masked. Fig. 3B shows such a case,
where the isotopes of NAD mask the analyte NADH. The manufacturer
recommends checking the alignment of the respective samples primarily
using the score and the color coding of individual areas. In our experi-
ence, however, a comparative check of the total number of alignment
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vectors in the samples is a much better approach. This is partly due to
the fact that Progenesis QI can also achieve high scores and color coding
even without any vectors (see Fig. 3C). In general, we recommend that
the total number of vectors in the individual samples should always be
checked. If there are apparent drops in the total number after approx.
20% of the samples (see Fig. 3D, drop from 771 to 460), we recommend
a detailed check of the alignment of the samples with fewer vectors and,
if necessary, a correction of the alignment vectors. Importantly, the
alignment scores shown in Fig. 3D originate from the misaligned dataset
shown in Fig. 3A and B. Several samples with a lower number of
alignment vectors still show scores above 95%, demonstrating that the
corresponding scores are a poor indicator of misalignment. An example
of good alignment is shown in Fig. 3E, and the corresponding apparent
drop in the number of vectors is illustrated again in Fig. 3F (sample sets 3
& 4). In our experience, corrective manual vectors should be distributed
evenly across the retention time vs. m/z range in order to achieve the
highest possible alignment. Naturally, a set of internal standards is ideal
for achieving better alignment, but these can also interfere with peak
picking and corresponding deconvolution, thereby masking significant
features. Accordingly, the use of internal standards in untargeted
metabolomics studies remains controversial to this day [112-114].
Since bioinformatic approaches now exist for both alignment and cor-
responding normalization of samples that do not require the use of in-
ternal standards, we recommend the use of internal standards depending
on the application. For example, if the comparability of several analysis
batches is desired, the use of a set of internal standards is indeed
mandatory.

Once the alignment has been checked, the next step is to create the
experimental design, check the peak picking, and check the deconvo-
lution. While the experimental design always depends on the specific
investigation, we recommend creating at least three designs: first, the
complete design including extraction blanks; second, samples and
pooled QCs; and third, samples only. The full design can be used to
remove corresponding background peaks (e.g., from employed mate-
rial), whereas the sample and pooled QC design can be used to filter via
the coefficient of variation or similar. In addition, further normalization
approaches (see Section 6) often require the corresponding pooled QCs.
The sample-only design can then be used for bioinformatic in-
vestigations and visualizations. When testing peak picking, we recom-
mend initially focusing on a handful of known analytes, as it is
unrealistic to assess several hundred peaks for successful integration. For
reasons of feasibility, we recommend detailed checking of correct peak
integration and deconvolution only after reducing the analyte set using
statistical approaches. With regard to the normalization approaches
available in Progenesis QI, we are using “Normalize to TIC,” as this
achieves the best normalization in our experience. However, alternative
approaches, such as internal standards, may make sense if only small,
defined sets of analytes are to be investigated, such as in stable isotope
tracing studies [115].

Finally, the first steps can be taken in the Review compounds tab to
reduce the data set prior to bioinformatic analysis. Typically, only those
peaks that are significantly higher in the pooled QCs compared to the
extraction blanks are considered here. Alternatively, however, peaks
that are lowest in the blanks can be considered; both approaches are
valid. Further reduction via the coefficient of variation (typically <
30%) can also be performed here. The data set can then be exported as a
csv file for further bioinformatic evaluation. For simplicity, we recom-
mend a data set consisting of compound and normalized abundance,
which should contain the samples and QCs, but no blanks, as these
interfere with later normalization.

5.1. In house library generation with progenesis QI
After bioinformatic analysis, a data set with peaks is obtained, which

then need to be identified. The gold standard for identifying unknown
peaks is the use of authentic standards, which allows comparison of
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mass, retention time, fragment patterns, and, if recorded, CCS. One
advantage of untargeted mass spectrometry is that, with consistent
chromatographic separation, an in-house substance library can be
generated over time, enabling the reliable identification of several
hundred substances. Initially, compound libraries can be purchased
from various manufacturers (e.g., Mass Spectrometry Metabolite Library
of Standards, MSMLS from IORA Technologies), which contain several
hundred substances in 96-well formats, with only one pure substance
contained in each well. However, since measuring several hundred
samples individually is extremely time-consuming and material-
intensive (solvent, modifier, etc.), substance mixtures are usually pre-
pared, whereby care must be taken to ensure that no isomers and
isobaric substances are present in a mixture. For identification in Pro-
genesis QI, either mol files are required, which are combined into a
structure data file (SDF) using Progenesis SDF Studio, for example, or a
corresponding SDF-file can be requested from the manufacturer.

The annotation of the individual mixtures is then carried out in
Progenesis QI using the parameters mentioned above. It is important,
however, to note that if several mixtures are evaluated in a batch, there
is a high probability of misalignment with individual peaks not being
picked. This is due to the fact that each mixture contains different
substances and Progenesis QI is not designed for such data. In some
cases, it is possible to add the unpicked peaks by manual peak picking,
however, no fragment data will be generated. In this case, the corre-
sponding fragment data and real retention times must be added later
from a real sample set. It is recommended to have the corresponding raw
data of the mixtures available during the evaluation of the first real data
sets. Alternatively, each mixture can be evaluated individually in Pro-
genesis QI, preventing misalignment. To our experience, however, even
when evaluating such mixtures individually, there are still cases where
the corresponding analyte peak is not picked, thereby no fragment data
is generated and has to be added from a real sample set. After the export
of corresponding fragment libraries from the individual mixtures, the
various fragment datasets can be merged using a text editor to create the
final in-house library. It is also advisable to remove substances from the
corresponding SDF-file that do not show retention in the selected
chromatography in order to simplify the subsequent applicability of the
library. Corresponding, example files for an in-house library are
included in the supplement (SDF file, additional compound properties,
fragment database)

5.2. Import and utilization of existing spectral libraries

Indeed, there are also libraries that are based either solely on a
collection of structures (SDF-files, e.g., HMDB [116] or Lipid Maps
[117]) or a combination of structures and real or in silico generated
fragment spectra (SDF- & MSP-files, e.g., Mass Bank of North America or
Lipid Blast [118]). In many cases, however, the corresponding SDF files
still need to be converted so that they can be handled by Progenesis QI
[119]. An alternative is the use of fragment databases alone, which can
be obtained via MS-DIAL, for example. Among other things, the Lipid
Blast fragment database can also be obtained here if there are problems
downloading the database via the Progenesis QI plugin. Another alter-
native for converting the SDF files is utilizing the Chemspider algorithm
in Progenesis QI, which accesses the databases (e.g., HMDB, KEGG, Lipid
Maps) online and does not require conversion. In the latter case, how-
ever, it is not possible to use real fragment data, which is why corre-
sponding in silico fragmentation algorithms are employed here. Last but
not least, the Mummichog algorithm in Metaboanalyst should also be
mentioned, which identifies analytes via m/z and retention time [120,
121]. However, this requires a ranking by p-value or t-score, for which
we recommend the empirical Bayes approach from the limma package in
R [122]. Since identification and pathway assignment are based purely
on mass and retention time, all identified analytes must be manually
checked again. We have found that, although there is a relatively high
false positive rate, particularly for polar metabolites, the Mummichog
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Fig. 4. Fundamental quality control of untargeted metabolomics data. Outliers (red arrows) and batch effects are identified via a similarity matrix of all samples (A),
while signal drift effects can be identified via assessment of the pooled QCs (red box) in a corresponding heatmap (B). The success of correcting signal drift effects can
again be verified via assessment of the pooled QCs (red box) in a corresponding heatmap (C).

algorithm is well suited for an initial overview of the potentially affected
metabolic pathways. Nevertheless, as mentioned in the previous section,
as many of the identified substances as possible should be verified using
an authentic standard at the end of the analysis.

6. Data normalization & corresponding QC approaches

A major problem with untargeted metabolomics data is the fact that
signal drift and intra- and inter-batch variations occur during mea-
surement. Progenesis QI does indeed contain various normalization and
alignment procedures that are designed to take corresponding intra-
batch effects into account. In our experience, however, these methods
are not sufficient to enable satisfactory correction, and corresponding
inter-batch effects are not addressed. Therefore, in this section, we
would like to present a simple but effective workflow for identifying,
correcting, and verifying the correction of outliers, signal drift and batch
effects.

As a general rule, before measuring metabolomics samples, there
should always be a planning phase for the batch to be measured. This
includes, among other things, the utilization of technical replicates, the
number of biological replicates, the expected sample size, the produc-
tion of intra- and inter-batch pooled QCs or the utilization of external QC
material, sample randomization within the batch, etc. Due to the non-
linear nature of batch effects, both intra-batch and inter-batch
randomization should be aimed for, and each batch should contain
approximately equal parts of each experimental group. To improve
inter-batch correction, the use of internal standards is also recom-
mended, as this allows corresponding effects to be eliminated more
effectively. We recommend the use of pooled QC samples, which are
measured at regular intervals (every 6-10 injections) [123]. These are
also employed to examine intra-batch effects. In the case of inter-batch
effects, we also recommend the preparation of a pooled QC sample,
consisting of all samples and measured at regular intervals across all
batches. If this is not feasible due to the number of samples or for sta-
bility reasons, we recommend the use of external QC material reflecting
the sample matrix as closely as possible.

The initial quality control begins with the data set exported from
Progenesis QL. In a first step, outliers and batch effects are identified
using a similarity matrix (see Fig. 4A). For this purpose, we recommend
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the cor function from the corrplot package [124] in combination with
the corPlot function from the MKmisc package [125]. Due to the high
dimensionality of the data set, we recommend a cut-off value of 0.95 for
identifying outliers. In addition to outlier identification, this approach
allows the identification of batch effects. After the corresponding out-
liers have been removed from the data set, the corresponding signal drift
effects are identified. For this purpose, we recommend using the
empirical Bayes approach from the limma package and then displaying
the results in a heat map (see Fig. 4B), here, however, the pooled QC
samples must be included in the analysis. Corresponding signal drift
effects are then visible in the heatmap within the QC group as a trend in
the color gradient (see Fig. 4B). If corresponding trends are visible, we
recommend using the statTarget package [126] to correct them
employing a QC-based random forest signal correction (QC-RFSC) al-
gorithm. It has been demonstrated that statTarget corrects correspond-
ing drift effects better than MetMSLine or Metabodrift, and
corresponding batch effects can also be corrected using statTarget [100].
In addition, statTarget utilizes the 80% rule, imputes missing values, and
is available as a user-friendly standalone version (available at: https:
//github.com/statTarget/statTarget2/releases/tag/statTarget), which
is why we believe it is a beginner-friendly solution for preprocessing
metabolomics data. Subsequently, the success of the correction should
be verified with the above described heatmap-based approach (see
Fig. 4C). In summary, the approach described here can be employed to
perform basic quality control of untargeted metabolomics data and
correct corresponding signal drift and batch effects, enabling precise
bioinformatic evaluation. For further, more complex qualitative in-
vestigations and additional preprocessing steps, we refer the reader to
relevant comprehensive reviews [127].

7. Conclusion

Metabolomics has established itself as an indispensable discipline for
the systematic analysis of small molecules in biological samples. LC-MS
technology, especially in combination with high-resolution mass ana-
lyzers such as QTOF or Orbitrap, dominates the field of untargeted
metabolomics. However, the transferability of established protocols to
new or different devices is by no means trivial due to device-specific
parameters (e.g., automatic gain control, automatic ion exclusion
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modes) and the use of additional separation dimensions such as ion
mobility spectrometry (IMS). Specific adjustments to the methods are
crucial, especially for newer QTOF devices with TWIMS functionality,
such as the Synapt XS. The higher sensitivity of newer devices often
requires increased sample dilution to avoid detector saturation, while
TWIMS technology requires special labile compound settings to mini-
mize the fragmentation of small polar metabolites. Importantly, due to
changes in the components of the newer generation of devices, older
published settings cannot be used. This tutorial is intended to provide
new users of Synapt XS and Progenesis QI with a robust approach to
untargeted metabolomics (see overall scheme in Fig. 5), while also
pointing out critical device- and software-specific aspects and limita-
tions. However, the corresponding sample preparation and chromato-
graphic separation protocols can also be used by users of other newer
generation mass spectrometers.

Overall, this article underscores the ongoing need to develop and
publish detailed, device-specific protocols for untargeted metabolomics,
rather than blindly adopting protocols from previous models or other
platforms. The strategies presented here for sample preparation, chro-
matography, and the use of TWIMS, together with the creation of an in-
house library and the use of different data acquisition modes, form a
solid foundation for future comprehensive metabolomic studies using
the Synapt XS and comparable state-of-the-art LC—HRMS systems.
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