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ABSTRACT

The applicability of ultrahigh-performance supercritical fluid chromatography coupled with mass spec-
trometry (UHPSFC/MS) for the qualitative analysis of metabolites with a wide polarity range (log P:
—3.89-18.95) was evaluated using a representative set of 78 standards belonging to nucleosides, biogenic
amines, carbohydrates, amino acids, and lipids. The effects of the gradient shape and the percentage of
water (1, 2, and 5%) were investigated on the Viridis BEH column. The screening of eight stationary phases
was performed for columns with different interaction sites, such as hydrogen bonding, hydrophobic, -
7, or anionic exchange type interactions. The highest number of compounds (67) of the set studied was
detected on the Torus Diol column, which provided a resolution parameter of 39. The DEA column had
the second best performance with 58 detected standards and the resolution parameter of 54. The over-
all performance of other parameters, such as selectivity, peak height, peak area, retention time stability,
asymmetry factor, and mass accuracy, led to the selection of the Diol column for the final method. The
comparison of additives showed that ammonium acetate gave a superior sensitivity over ammonium for-
mate. Moreover, the influence of the ion source on the ionization efficiency was studied by employing
atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI). The results proved the
complementarity of both ionization techniques, but also the superior ionization capacity of the ESI source
in the negative ion mode, for which 53% of the analytes were detected compared to only 7% for the APCI
source. Finally, optimized analytical conditions were applied to the analysis of a pooled human plasma
sample. 44 compounds from the preselected set were detected in human plasma using ESI-UHPSFC/MS
in MSE mode considering both ionization modes.
© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

resolution (HR) MS instruments, such as quadrupole-time-of-
flight (QTOF) or Orbitrap [4]. The comprehensive analysis of the

Metabolomics can be described as the comprehensive study of
small molecules, called metabolites, in the organism and the asso-
ciation of those with pathophysiological states [1,2]. Metabolomic
analysis requires the use of highly powerful analytical techniques,
such as mass spectrometry (MS) hyphenated to chromatographic
separation techniques, such as liquid chromatography (LC) or
gas chromatography, as a means to simultaneously analyze com-
plex mixtures of metabolites [3]. The most widespread separa-
tion modes used for metabolomics are reversed-phase ultrahigh-
performance liquid chromatography (RP-UHPLC) and hydrophilic
interaction liquid chromatography (HILIC-UHPLC) coupled to high-
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metabolome is challenging due to the high chemical and structural
diversity of metabolites. In RP-UHPLC, intermolecular hydrophobic
interactions between analytes, stationary phase, and mobile phase
allow analysis of a large part of the metabolome of complex bi-
ological samples such as urine, plasma, and tissue extracts [5-
7]. However, polar and/or ionic species are poorly retained in RP-
UHPLC [8]. The retention mechanism in the HILIC mode is based on
the interaction of polar analytes with the polar stationary phase,
which allows the separation of the analytes. Therefore, HILIC pro-
vides complementary chromatographic separation compared to RP-
UHPLC/MS [9,10]. Nonpolar compounds may elute in or close to
the void volume in HILIC mode. A comprehensive technique that
allows the separation of polar and non-polar metabolites, such as
lipids, amino acids, and nucleosides, is desired.
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Recently, UHPSFC gained attention, because the new generation
instruments allow stable and reproducible results as well as rou-
tine hyphenation to mass spectrometry [11,12]. Mainly, the back-
pressure regulator, injector, and column technology were improved
for the new generation instruments, leading to better acceptance
of UHPSFC/MS for a broad application range. Generally, the use of
supercritical fluid chromatography (SFC) was first described more
than 50 years ago [13], but its application for lipidomic [14,15] and
metabolomic analysis [12,16,17] represents a rather recent trend.
UHPSFC may represent a potential alternative to RP- and HILIC-
UHPLC for the comprehensive analysis of the metabolome by re-
ducing the costs and analysis time. Nowadays, UHPSFC mainly
uses supercritical CO, mixed with organic modifiers as the mobile
phase. The addition of organic solvents, typically 2-40%, broadens
the range of analytes that can be separated with UHPSFC. Polar
solvents, such as methanol, ethanol, or acetonitrile, are the most
commonly used and facilitate the elution of polar compounds. The
addition of small percentages of water, salts, bases, and/or acid ad-
ditives to the modifier can further improve the peak shape and the
elution of polar and ionic compounds [18-20]. The low viscosity
and high diffusion of the mobile phase in UHPSFC allow the use
of high flow rates without losing separation efficiency and there-
fore allow high-throughput analyzes [21,22]. Furthermore, almost
all stationary phases used for UHPLC can also be used for UH-
PSFC including modern stationary phases packed with sub-3 pm
core shell and fully porous particles [23-26]. Recently, dedicated
UHPSFC stationary phases were also introduced to the market,
such as the Torus column series from Waters. These stationary
phases are based on silica modified with different selectors, such
as propanediol, 1-aminoanthracene, diethylamine, 2-picolylamine,
or ethylene-bridged silica, which are potentially suitable for the
separation of medium to polar metabolites [18,21,27]. It should be
mentioned that the analysis of very polar compounds still remains
challenging for UHPSFC/MS employing common chromatographic
conditions. The increase in the percentage of modifier in CO, up
to 100% during the gradient increases the elution strength for po-
lar compounds and extends the polarity range of analytes suit-
able for the separation with UHPSFC/MS instruments. These spe-
cial modes using increased modifier and CO, as the mobile phase
are called unified chromatography or enhanced fluid chromatogra-
phy [20,28]. However, such mobile phase conditions and the use of
sub-2 pm particle columns can lead to exceeding system pressure
forcing adjustment of parameters, such as backpressure, tempera-
ture, or flow rate. Consequently, the analyzes may be performed by
increasing the organic solvent in the mobile phase gradient and, at
the same time, decreasing the flow rates. Following this approach
in metabolomics and using a polar stationary phase, the elution
ranges from nonpolar to polar compounds [12].

In recent years, more UHPSFC/MS applications have been inves-
tigated, accompanied by unconventional and innovative develop-
ments regarding the applied conditions and instrumental settings.
Analysis of natural products, biological samples [29-32], pharma-
ceuticals, nutrients, and environmental samples are examples for
the application areas of UHPSFC [33]. However, only a few stud-
ies investigated metabolomics by UHPSFC/MS. The potential of UH-
PSFC/MS for the analysis of polar urinary metabolites was investi-
gated by Sen et al., who evaluated 12 different columns, 3 column
temperatures, and 9 different additives in methanol, for the sep-
aration of 60 polar metabolites (log P —7 to 2) [18]. Desfontaine
et al. described the application of UHPSFC coupled to a triple-
quadrupole MS for the analysis of nucleosides, small bases, lipids,
small organic acids, and sulfated metabolites [12]. The analytical
method was optimized by investigating several parameters such as
the kinetic performance, the percentage of cosolvent, the type of
stationary phase, and the composition of the mobile phase. Ad-
ditionally, the mixture of 57 compounds was also analyzed by
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unified chromatography coupled with MS. Losacco et al. analyzed
49 metabolites in plasma and urine using UHPSFC/QTOF-MS with
the evaluation of the impact of the biological matrix. Most of se-
lected compounds were not affected by matrix interference (63%),
whereby 16% of compounds showed a matrix effect in urine and
plasma samples [16]. The UHPSFC/MS analysis of free amino acids
was investigated by Raimbault et al. [20]. The separation of 18 na-
tive proteinogenic amino acids was achieved by applying unified
chromatographic conditions, starting from 90% CO, to 100% modi-
fier.

The aim of this work was to evaluate the suitability of UH-
PSFC/MS for the analysis of 78 metabolites selected from the Hu-
man Metabolome Database (HMDB) database based on their rel-
evance in cancer research. To achieve the elution of all analytes,
enhanced fluid chromatography was applied because the analyte
set covers a wide polarity range (log P: —3.89 - 18.95). The in-
fluence of the percentage of water in the modifier, the gradient
shape, and the type of stationary phase for the separation of the
analyte set was evaluated using UHPSFC/QTOF-MS. The ionization
efficiency of the selected metabolites employing electrospray ion-
ization (ESI) and atmospheric pressure chemical ionization (APCI)
was compared. The MSE mode was applied for the analysis of the
standard metabolite mixture and plasma samples.

2. Materials and methods
2.1. Chemicals

Methanol (CH30H), acetonitrile (ACN), 2-isopropanol, hexane
(all LC/MS gradient grade), water (H,0; LC/MS Ultra, UHPLC/MS
grade), and chloroform (LC grade, stabilized with 0.5-1% ethanol)
were purchased from Honeywell (Charlotte, North Caroline, US).
Ammonium acetate, ammonium formate (LC/MS, gradient grade),
and formic acid (98-100%, Suprapur) were purchased from Sigma-
Aldrich or Merck (St. Louis, MO, U.S.A), respectively. Carbon dioxide
(CO,) 4.5 grade (99.995%) was obtained from Messer Group GmbH
(Bad Soden, Germany).

2.2. Standards

The standards were purchased from Sigma-Aldrich (see
Table 1). Standard stock solutions were prepared by dissolving each
compound in the appropriate solvent or solvent mixture (Table S1)
to obtain the final concentration of 10 mg mL~!. Afterwards, nine
standard mixtures were prepared according to the analyte category
and diluted in MeOH, that is, mixtures of nucleosides (N°1; 100 ng
pL-1), biogenic amines (N°2; 20-100 ng pL-!), sugars together
with other organic compounds (N°3; 100-10 ng pL~!), amino acids
(N°4-8; 2-100 ng pL-!) and lipids (N°9; 10 ng pL~!). Analytes in
each mixture are reported in Table S1. Standard concentrations in
the final mixture were established by investigating the efficiency
and sensitivity of ionization using direct infusion MS for 10 ng
pL-1 and 100 ng pL-! as well as two different sample solvent so-
lutions, MeOH and MeOH/ACN (50:50, v/v). The optimized source
parameters, standard concentration, and sample solvent were used
for further experiments. These standard mixtures (100 puL of each)
and guanine (10 pL) were mixed, and the final standard solution
was diluted with acetonitrile to obtain a final solvent composition
of CH30H/ACN (50:50, v/v) for UHPSFC/MS analyzes (Table S1).

2.3. Stationary phases

The final standard solution was analyzed using eight differ-
ent columns, reported in Table 2. The stationary phases differ in
their column chemistry, providing different interaction sites and
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Table 1
List of standard compounds.

Compounds Molecular formula Exact Mass LogqoP

Nucleosides

Adenosine Ci0H13N504 267.0967 -1.05
2-Deoxyadenosine CioH13N503 251.1018 —0.55
Adenine CsHsNs 135.0545 0
Uridine

CgH13N, 06 244.0695 -2.28
Guanosine C10H13N505 283.0917 -2.76
Guanine CsHsNsO 151.0494 -1.27
Xanthosine Ci0H12N406 284.0757 -1.26
Biogenic amines
Putrescine C4H12N, 88.1000 -0.99
Spermidine C7H19N3 145.1579 -1.26
Spermine CioHa6Ny 202.2157 -0.5
Adrenaline CoH13NO3 183.0895 -1.37
Noradrenaline CgH11NO3 169.0739 -0.24
Dopamine CgH11NO, 153.079 0.58
Serotonin CioH12N,0 176.095 0.51
Histamine CsHoN3 111.0796 -1.09
Tryptamine CioH12N2 160.1000 0.9
N-acetyl-5-hydroxytryptamine Ci2H14N,0, 218.1055 0.44
Melatonin Cy3H16N20, 232.1212 0.71
Octopamine hydrochloride CgH11NO, 153.079 -0.9
Amino acids
L-Alanine C3H;NO, 89.0477 -2.85
L-Threonine C4HgNO3 119.0582 -1.43
L-Leucine CgH13NO, 131.0946 -1.62
L-Norleucine CsH13NO3 131.0946 0.43
L-Isoleucine CgHi3NO4 131.0946 -1.70
L-Arginine CsH14N40, 1741117 -3.5
Glutamic acid CsHgNO4 147.0531 -1.39
L-Glutamine CsHqoN,03 146.0691 -2.05
L-Histidine monohydrochloride CgHgoN30, 155.0695 -1.67
L-Methionine CsHq11NO,S 149.051 -0.56
Ornithine CsHq2N,0, 132.0899 -1.57
Phenylalanine CoH11NO, 165.0788 -1.49
Serine C3H;NO; 105.0426 -1.75
L-Carnitine C7H;5NO; 161.1052 -29
Valine CsHy1NO; 117.079 -0.01
L-Tyrosine CgH11NOs 181.0739 -2.15
L-Tryptophan C11H12N,0, 204.0899 -1.07
1-Methyl-L-Tryptophan C12H14N,0, 218.1055 0.84
5-Hydroxy-L-Tryptophan C11H12N,03 220.0848 -0.07
L-Proline CsHgNO, 115.0633 -0.4
D,L-Asparagine C4HgN,03 132.0535 -2.33
L-Lysine CgH14N,0, 146.1055 -1.15
Taurine C,H;NOs5S 125.0147 -1.72
Aspartic acid C4H7NO4 133.0375 -3.89
Acetyl-L-carnitine hydrochloride CoH17NO4 203.1157 —0.66
D,L-Octanoylcarnitine chloride Cy5HpygNOy4 287.2096 1.68
D,L-Decanoylcarnitine chloride Cy7H33NO4 315.2409 2.46
D,L-Lauroylcarnitine chloride C19H37NO4 3432722 3.24
D,L-Myristoylcarnitine chloride C21H41NOy4 371.3035 4,02
D,L-Palmitoylcarnitine chloride

Cy3Hy5NO4 399.3348 4.8
Sugars
D-Glucose CgH1206 180.0634 -3.24
D-Xylose CsHy05 150.0528 -2.71
Myo-inositol CgH1206 180.0634 —-3.22
Other organic compounds
Caffeine CgHq1oN40, 194.0804 -0.8
Folic acid Cy9H19N70¢ 441.1397 —0.04
5-Methoxyindole CgHgNO 147.0684 1.45
5-Hydroxyindole CgH;NO 133.0528 1.19
D,L-Kynurenine Ci10H12N,03 208.0448 -0.82
Polar lipids
PC (18:1/18:1) C44Hg4NOgP 785.5934 13.15
LPC (18:1/0:0) CysHs,NO,P 521.3481 6.56
PE (18:1/18:1) C41H7sNOgP 743.5465 13.2
LPE (18:1/0:0) Cy3HygNO,P 479.3012 6.62
PS (16:0/18:1) C4oH76NO1oP 761.5207 12.1
LPS (18:1/0:0) C24H4gNOgP 523.291 6.07
PG (18:1/18:1) C4H79010P 774.5411 12.89
LPG (18:1/0:0) Cy4Hy700P 510.2958 3.97
PA (18:1/18:1) C39H7308P 700.5043 12.82

(continued on next page)
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Table 1 (continued)
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Compounds Molecular formula Exact Mass LogioP
LPA (18:1/0:0) Cy1Hyg1 O7P 436.259 4.69
GalCer (d18:1/12:0) C36HgoNOg 643.5023 8.4
LacCer (d18:1/16:0) C46Hg7NO13 861.6177 5.81
Cer (d18:1/18:1) C36HggNO3 563.5277 10.98
Mono-Sulfo-GalCer(d18:1/24:1) C4sHg1NO11S 889.6313 13.94
SM (d18:1/18:1) C41Hg1N2O6P 728.5832 11.76
SPH d18:1 (sphingosine) Cy3H37NO; 299.2824 4.78
SPH d18:0 (sphinganine) CygH39NO, 301.2981 5.01
Nonpolar lipids

MG (0:0/18:1/0:0) Cy1H4004 356.2927 5.78
DG (18:1/0:0/18:1) C39H7,05 620.538 12.37
Prostaglandin E2 CyoH3,05 352.225 3.82
TG (18:1/18:1/18:1) C57H10406 884.7833 18.95

Table 2
Columns screened in this study.

Column name Support

Bonded ligand

Dimensions (mm) Particle size (um)

ACQUITY UPC2 BEH
ACQUITY UPC? Torus Diol
ACQUITY UPC? Torus 2-PIC
ACQUITY UPC? Torus 1AA
ACQUITY UPC? Torus DEA
ACQUITY UPC? HSS C18 SB
ACQUITY UPC? Trefoil CEL1
ACQUITY UPLC HSS T3

Fully porous hybrid silica
Fully porous hybrid silica
Fully porous hybrid silica
Fully porous hybrid silica
Fully porous hybrid silica
Fully porous silica

_ 100 x 3.0 1.7
Propanediol 100 x 3.0 1.7
2-Picolyl-amine 100 x 3.0 1.7
1-Amino-anthracene 100 x 3.0 1.7
Diethylamine 100 x 3.0 1.7
Octadecyl, nonendcapped 100 x 3.0 1.8
Modified polysaccharide 150 x 3.0 2.5
Octadecyl, endcapped 100 x 2.1 1.8

therefore may show different selectivities. The Viridis BEH col-
umn (100 x 3.0 mm LD, 1.7 pm) was selected for the preliminary
study. In addition, the Torus columns, namely, Diol, 2-PIC, 1-AA,
and DEA (100 x 3.0 mm LD, 1.7 pym), were evaluated. The diol and
BEH columns represent the most polar stationary phases among
the selected ones, characterized by propandiol - bonded silica
support and free silanols, respectively. Furthermore, two columns
packed with modified C18 silica were included for column screen-
ing, namely, HSS C18 SB column (100 x 3.0 mm, 1.8 pm) and HSS
T3 (100 x 2.1 LD; 1.8 pm). Additionally, the chiral stationary phase
Trefoil CEL 1 (150 x 3.0 mm L.D; 2.5 pm) was tested. All columns
were purchased from Waters (Milford, MA, USA).

2.4. UHPSFC/MS/MS instrumentation

UHPSFC/MS/MS analysis was performed on the Acquity UPC2
(Waters, Milford, MA, USA) hyphenated with the Synapt G2-Si
(Waters) QTOF mass spectrometer. The UHPSFC instrument was
coupled to the MS using the commercial interface kit (Waters).
Gradient mode was used for screening the stationary phase se-
lected for the separation of the metabolite mixture. Supercritical
carbon dioxide (scCO,) was used as the mobile phase A, and MeOH
with 30 mmol L-! ammonium acetate and 1, 2, or 5% of H,0 or
MeOH with 30 mM ammonium formate and 2% of H,O was inves-
tigated as mobile phase B (modifier). The gradient started with 5%
of B, was increased to 70% B in 8.5 min, then to 100% B in 10.5 min,
kept constant for 2.5 min, and finally returned to the initial con-
dition within 1 min and re-equilibrated for 1 min, with a total
run time of 15 min. Furthermore, a flow gradient was employed to
avoid instrument overpressure at 100% of the modifier; the starting
flow was set to 2.0 mL min~!, decreased to 0.8 mL min~! within
14 min, and back to the initial flow in 1 min. The ABPR was set
at 1800 psi and the column temperature at 60 °C. The injection
volume was 1 pL, and the injection needle was washed after each
injection with hexane/2-isopropanol/H,0 (2:2:1, v/v/v). MeOH with
0.1% of formic acid and 5% of H,O was used as a make-up sol-
vent to improve the ionization. Furthermore, a flow gradient for
the make-up solvent was used: 0 min - 0.6 mL min~!, 8.5 min -

0.2 mL min~!, 13 min - 0.2 mL min~!, 14 min - 0.6 mL min~!,
15 min - 0.6 mL min~!,

The following settings were used for QTOF measurements: HR
mode, a mass range of m/z 50-950, and the continuum mode with
a scan time of 0.1 s were applied. Leucine enkephalin was used as
the lock mass, in which the lock mass was acquired with a scan
time of 0.1 s in 10 s intervals, but no automatic lock mass correc-
tion was applied. ESI and APCI in positive and negative ion modes
were investigated. The following parameters were used for the ESI
mode: capillary voltage 2.50 kV, sampling cone 20 V, source offset
90 V, source temperature 150 °C, desolvation temperature 350 °C,
cone gas flow 50 L/h, desolvation gas flow 1000 L/h and nebulizer
gas flow 3.5 bar. The following parameters were used for the APCI
mode: corona current 1.0 pA, sampling cone 10 V, cone gas flow
50 L/h, nebulizer gas flow 3.5 bar, source offset 50 V, source tem-
perature 150 °C, probe temperature 600 °C and lock spray capil-
lary voltage 3.0 kV. Column screening was performed in positive
and negative ion mode using ESI and full scan spectra acquisition.
Furthermore, the MSE mode was applied to detect the MS spectra
and the corresponding fragment spectra of each compound in one
run. The MSE method is characterized by two stages. In stage 1,
all ions are transmitted from the ion source through the collision
cell, wherein low collision energy is applied so that no fragmenta-
tion can be observed in the mass analyzer, and ions are recorded
as the precursor ions. In stage 2, all ions are transmitted from the
ion source through the collision cell, and a collision energy ramp
is applied to generate and record fragment ions in the mass an-
alyzer. Hence, the software is able to generate two spectra at the
same time; the first one shows the precursor ions with no colli-
sion energy, and the second one generates fragment ions due to
the applied collision energy. The trap and transfer collision energy
of the low energy function was kept off and the ramp trap colli-
sion energy of the high energy function was set from 5 to 30 V. -
The obtained fragments were compared with online databases, i.e.,
HMDB and MzCloud for further confirmation.
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2.5. Biological sample preparation

Human plasma collected from different healthy volunteers was
pooled, worked up, and analyzed with UHPSFC/MS under opti-
mized conditions. All subjects signed an informed consent. An
additional step, namely, limited digestion with proteinase K was
added. Before protein precipitation, 2 pL of Proteinase K and 2 pL
of 250 mM CaCl, were added to 100 pL of plasma sample to ob-
tain a final concentration of 5 mM and sonicated for 15 min at
40 °C. For protein precipitation, 1 mL of CH30H/EtOH (1:1, v/v) was
added to the pooled plasma sample sonicated for 15 min at room
temperature (25 °C) and stored for 1 h at —20 °C. The sample was
centrifuged for 15 min at 10,000 rpm, the supernatant was trans-
ferred to a glass vial and evaporated under nitrogen. The residue
was dissolved with 35 pL of ACN/CH30H/H,0 (4:4:2, v/v/v) + 0.1%
formic acid and diluted 1:10 with the same solvent mixture. 1 puL
was injected for the subsequent UHPSFC/MS analysis.

2.6. Data processing

Data were acquired with the MassLynx software (Waters). The
Waters Compression Tool was used for noise reduction, which also
minimized the raw data file size facilitating data handling. The
Accurate Mass Measure tool in MassLynx was used to apply lock
mass correction for better mass accuracy and for the conversion of
data from continuum to centroid mode, which further reduced the
file size. Finally, TargetLynx was used to extract retention times,
peak areas, peak height, peak widths (Pk width), and asymmetry
factors by providing exact masses and expected retention times
of all compounds. The resulting tables were exported as .csv files
and further processed with Microsoft Excel, i.e., to calculate the
number of identified standards and the relative standard deviation
(RSD%) of the retention time, peak area and peak height. MarkerL-
ynx was used to generate feature lists of m/z with the correspond-
ing retention time, which allowed the calculation of the mass ac-
curacy. The complete summary tables from MarkerLynx were ex-
ported as .csv files and manually checked for experimental m/z of
each standard or target analyte.

Furthermore, MZmine 2.53 software [34] software was used to
assess the influence of the data processing procedure. The fol-
lowing settings were applied: the targeted peak detection mod-
ule was used to search the list of compounds with a precursor
mass tolerance of 0.002 m/z or 5 ppm and a retention time tol-
erance of 0.1 min. Peak integration was checked and manually cor-
rected when needed. Retention times, peak areas, peak heights,
peak widths (FWHM), asymmetry factors, and experimental m/z
were exported as .csv files and further processed with Microsoft
Excel. For the chromatographic evaluation, the resolution and se-
lectivity (o) were calculated. The results of two different software
solutions were compared (Tables 3 and S11).

MSDIAL ver. 4.70, was used for metabolite identification in
real human plasma using the databases MSMS-Public-pos-VS15 for
positive and MSMS-Public-Neg-VS15 for negative ion mode. The
databases are composed of metabolites in plasma, which were de-
tected by the MSDIAL community, whereby 13,303 entries are in-
cluded for positive ion mode and 12,879 entries for negative ion
mode.

3. Results and discussion
3.1. Selection of standard compounds

The selected analytes (Tables 1 and S1) were selected from the
Human Metabolome Database based on their biological relevance

with a special focus on the metabolites involved in cancer pro-
gression [12,16]. The final metabolite mixture varied in molecu-
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Fig. 1. Relation of partition coefficients (logoP) and molecular weights for the in-
vestigated analytes and the number of metabolites categorized by compound class:
nucleosides (red), biogenic amine (yellow), amino acids (green), sugars (orange),
others (dark green), polar lipids (light blue), and nonpolar lipids (blue).

lar weights from 89 to 900 Da and loglOP values from —3.89
to 18.95 (Fig. 1). The substantial variety in the structural com-
position and chemical characteristics of selected compounds, i.e.,
polar amino acids to hydrophobic lipids such as triacylglycerols,
leads to highly diverse retention time behavior and different ion-
ization efficiencies, altering sensitivity. The list includes metabo-
lites involved in various biological pathways, e.g., metabolites de-
rived from the tryptophan pathway. Tryptophan is an essential
amino acid, a building block for protein biosynthesis and functions
as a precursor for the conversion to several other metabolites in-
cluded in our list, i.e., 5-hydroxytryptophan, tryptamine, serotonin,
melatonin, N-acetyl-5-hydroxytryptamine, L-kynurenine, L-alanine,
and glutamic acid. Furthermore, clinical studies have shown that
tryptophan metabolism promotes tumor progression through mul-
tiple mechanisms [35], and its metabolic derivative L-kynurenine
is involved in Alzheimer’s disease and the early stages of Hunt-
ington’s disease. The catecholamines dopamine, adrenaline, and
noradrenaline are derived from the tyrosine pathway [36] with
an implication in the treatment of dopamine-responsive dystonia
and Parkinson’s disease. In general, biogenic amines and amino
acids were chosen for their importance in several types of can-
cer, namely, ovarian, breast, pancreatic, colon, and oral cancers, and
neurodegenerative diseases. Similarly, sugars were included in this
optimization due to their large consumption by tumor cells [37].
Other two important biological classes of compounds are nucle-
osides and lipids, for which evident changes have been observed
in cancer patients [38,39]. The involvement of lipids in different
types of tumors such as pancreatic, gastric, liver, lung, colorectal,
and thyroid cancer was shown [40]. A schematic overview of the
biosynthesis reactions is presented in the supplementary informa-
tion (Figs. S1 and S2), clearly illustrating how the various analytes
are interrelated. In total 64 from the 78 analytes shown, the miss-
ing 14 analytes mainly include metabolites, which are uptaken by
dietary means such as essential amino acids (6), caffeine and folic
acid, and consequently no biosynthesis can be shown. The remain-
ing analytes were included in the analyte set for mechanistic ques-
tions, i.e., isomers. The importance and connection of amino acids
for the biosynthesis of biogenic amines, glucose as well as lipids
can be seen. Further, it is commonly assumed that the dysregula-
tion or absence of some metabolites may harm the well-being.

To facilitate the elution of non-polar, polar, and ionic metabo-
lites, the addition of methanol, including additives, to scCO, was
necessary. A small amount of water was added to the mobile phase
to improve the peak shape and solvation of polar analytes. As a
consequence of the limited maximum upper pressure of the UH-
PSFC system, it was not possible to maintain high flow rates and
reach 100% of the modifier for the elution of polar compounds
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Summary tables of mass accuracy, selectivity, resolution, and the repeatability of the retention time, signal area, and signal height calculated by the average
RSD% for ammonium acetate and ammonium formate in positive and negative ionization mode using TargetLynx and MZmine as data processing software.

TargetLynx Ammonium acetate Ammonium Formate

positive negative positive negative
Mass Accuracy (ppm) 2.94 2.81 1.64 1.64
Selectivity 2.36 1.3 6.57 1.32
Resolution 39 36 40 39
Repeatability (RSD%)
Retention time 0.2 0.15 0.52 0.1
Signal Area 8.95 7.84 717 9.28
Signal Height 9.26 8.33 7.45 10.09
MZmine
Mass Accuracy (ppm) 2.78 1.98 2.32 2.1
Selectivity 2.35 1.28 7.28 1.06
Resolution 35 29 36 20
Repeatability (RSD%)
Retention time 0.31 0.13 0.61 0.14
Signal Area 14.56 10.29 11.6 12.31
Signal Height 10.06 7.57 9.29 10.57

at the same time. Therefore, a decreasing flow rate gradient was
applied simultaneously with the organic modifier gradient, allow-
ing us to reach 100% of the modifier. This approach, called unified
chromatography, was introduced by Chester [28]. The adjustment
of the eluent strength of the modifier up to 100% enabled to widen
the polarity range of the analyte set suitable for UHPSFC/MS mea-
surements.

3.2. Screening of water percentage and gradient evaluation with BEH
column

The chromatographic performance of the Viridis BEH column
was evaluated for three different percentages (1%, 2% and 5%) of
water in the methanolic modifier, while the concentration of am-
monium acetate was kept constant at 30 mmol L~1. The addition of
2-7% of water to the modifier [12,16,20,31] to facilitate the elution
of polar compounds and to improve peak shape, probably caused
by the improved solubility, is commonly reported in the recent lit-
erature. Six consecutive injections of the standard mixture were
performed in positive and negative ion modes to test the influence
of 1, 2, and 5% H,0 in the modifier on the chromatographic perfor-
mance. Retention times of 78 selected metabolites are reported in
Table S2. Fig. 2 shows the overlay of chromatograms obtained for
three different amounts of water in the modifier for various com-
pounds. Generally, the retention time increased with increasing
amount of water in the modifier. For some analytes (Fig. 2A,C), the
peak shape worsened, and peak tailing occurred using 5% of wa-
ter in the modifier. Furthermore, a gradual increase in the system
pressure was observed using 5% of water in the modifier, which
regularly caused overpressure of the instrument. The experiment
was repeated after several weeks to ensure that this observation
was not an artefact. The same trend of the gradual increase of the
system pressure was observed, which could be caused by solubility
issues of the additive in the mobile phase leading to precipitation
and column blockage. A good compromise was obtained with 2%
or 1% of water in the modifier; all compounds were eluted with-
out any impairment of the Gaussian peak shape (Fig. 2). However,
nonpolar triacylglycerols and diacylglycerols were eluted close to
the void volume with 1% of water in the modifier. Consequently, 2%
of water in the modifier was assessed as the most suitable amount
of water in the modifier to achieve the best balance in terms of
retention time and peak shape.

The next step of the study was to improve the gradient shape
to obtain a good separation of the entire standard mixture as well
as good peak shapes. Two gradients were evaluated, gradient A
(used for the evaluation of the percentage of water in the modifier)

starting from 5% modifier to 75% in 10 min, and gradient B start-
ing from 5% modifier to 70% modifier in 8.5 min. Analytes eluted
faster and showed better peak shapes with gradient B (Fig. S3B)
compared to gradient A (Fig. S3A). Consequently, gradient B was
further used for column screening.

3.3. Column screening and performance evaluation

The choice of stationary phase chemistry, column dimensions,
and mobile phase composition is crucial for successful separa-
tion. Subsequently, various stationary phases were evaluated for
the separation performance of the standard metabolite mixture,
such as Diol, 2-PIC, 1-AA, DEA, BEH, CEL 1, HSS C18 SB and HSS
T3 (Table 2). All columns are classified as UHPSFC columns (except
HSS T3), are produced by the same manufacturer (Waters, Torus,
and Viridis columns) and most had the same sub-2 pm particle di-
mensions as well as column length and diameter, for better com-
parability (100 x 3.0 mm LD, 1.7 pm, fully porous hybrid silica)
[18,21,31].

The eight stationary phases screened were dedicated UHPSFC
columns from the same manufacturer with sub-2 pum particles. The
majority of the stationary phases are composed of the same back-
bone (bridged ethylene hybrid particles) ensuring that the non-
selective interactions are comparable and the different selectors
bonded on the silica support cause differences in the chromato-
graphic performance. The different selectors bonded to the silica
support allow different selectivities for the separation of the stud-
ied metabolites as a result of the different interaction capabilities
of the analyte and the stationary phase. The simplest stationary
phase regarding the selector structure is the BEH column with free
silanols on the surface, allowing H-bonding and hydrophilic inter-
actions. For the Diol column, propandiol is linked to the modified
silica support. Consequently, the hydroxyl groups allow H-bonding
and hydrophilic interactions, but the hydrocarbon chains provide
hydrophobic interactions as well. The silica particles of Torus 2-PIC,
Torus 1-AA, and Torus DEA are modified with 2-picolyl-amine, 1-
amino-anthracene, and diethylamine, respectively. These structures
allow multiple interactions of the selector with the analyte, such as
steric interactions, hydrogen bonding, Van der Waals interactions,
dipole-dipole interactions, anionic exchange type, or -7 interac-
tions. The columns HSS C18 SB (100 x 3 mm LD; 1.8 ym) and HSS
T3 (100 x 2.1 mm LD; 1.8 pm) columns are packed with silica par-
ticles modified with octadecyl bonded ligands on the surface, en-
abling hydrophobic interactions. The columns differ in their resid-
ual activity of the silanol group, as HSS C18 T3 is end-capped com-
pared to HSS C18 SB. The free residual silanol groups additionally
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Fig. 2. Effect of water percentage (1% - green, 2% - red, and 5% - blue) in the mobile phase on the retention behavior of selected metabolites: A) L-tryptophan, B) N-acetyl-
5-OH-tryptamine (I°) and serotonin (II°), C) p-glucose (I°) and myo-inositol (II°), and D) LPC (18:1) (I°) and PC (36:2) (II°). Analytical conditions: BEH (100 x 3.0 mm, 1.7 pm)
column; 60 °C; 1800 psi (ABPR); mobile phase: CH30H + 30 mmol L-! ammonium acetate, and 1%, 2%, and 5%; composition of the make-up solvent: CH3;0H + 0.1% formic

acid and 5% of H,O0.

allow hydrophilic interactions in the case of the HSS C18 SB, which
may be advantageous for the analysis of polar compounds. Trefoil
CEL1 (150 x 3.0 mm LD; 2.5 pm) is a stationary phase based on
polysaccharides, in which the silica gel is modified with cellulose
tris-(3,5-dimethylphenylcarbamate), allowing multiple interactions
such as steric interactions, hydrogen bonding, 7 -7 interactions.
Different chromatographic parameters were evaluated to de-
termine the best column for the separation of the analyte mix-
ture, such as the number of compounds not detected and the
peak asymmetry factor (As), which is calculated as the ratio of
the peak width in the back half and the peak width in the front
half at 10% of the peak height. For better comparability, the same
gradient was applied for the separation of 78 metabolites for all
stationary phases investigated (Fig. S3B). The retention times of
each standard for each tested column are reported in Table S2.
Fig. 3A shows the chromatograms of guanine and guanosine de-
pending on the employed stationary phase. The highest number
of compounds detected, depending on the stationary phase, was
as follows: Diol > BEH > 2-PIC > HSS C18 SB > DEA > Cel
1 > 1-AA > HSS T3 (Fig. 3B). This indicates that with increas-
ing hydrophobicity and bulkiness of the stationary phase selec-
tor, less analytes are detected. However, some hydrophobic inter-
actions favor separation and detection in comparison to only hy-
drophilic interactions, as reflected for the Diol and BEH columns.
Each compound was injected separately as well as in a mixture for
each column. Therefore, the compounds not detected in the ana-
lyte mixture are below the detection sensitivity because they were
identified when injected separately, some at higher concentrations.
This proves that the analytes are eluted for each column, but be-
cause of the broad peak shape and high asymmetry, they were be-
low the detection sensitivity, not allowing their identification. The
most difficult compounds to identify for most of the columns were
metabolites with primary amines in the structure. The primary
amines may undergo ionic interactions with the free silanols of
the stationary phase. As ionic interactions are generally slow, broad
peak shapes can be observed, which may lead to sensitivity issues.
The enhancement of the cation concentration in the mobile phase
could lead to an improvement of the peak shape and sensitivity

since cations function as displacers. On the other hand, increased
base concentrations in the mobile phase may lead to ion suppres-
sion. The detection sensitivity was diminished especially for the
metabolites PS, LPS, PG, LPG, PA and LPA, putrescine, spermine,
spermidine, and dopamine, and 5-methoxyindole, 5-hydroxyindole,
D,L-pyLurenine, and folic acid.

The performance of the column was generally considered ac-
ceptable when the As value was in the range of 0.9-1.5. Therefore,
for each column, the percentage of compounds not detected, the
analytes with As below 0.9 and with As greater than 1.5 were cal-
culated (Fig. S4). The highest percentage of symmetrical peaks was
observed for BEH > DEA > Diol > Cel 1 > 1-AA > 2-PIC > HSS
C18 > HSS T3 in positive ion mode and BEH > DEA > 2-PIC > HSS
T3 > Cel 1 > Diol > 1-AA > HSS C18 in negative ion mode
(Table S3). Furthermore, the asymmetry values of each detected
compound and their total average for the eight screened columns
are reported in Table S3. Broad chromatographic peaks and tail-
ing were found for the lipid classes PS, LPS, PG, LPG, PA, and LPA,
as also known from the literature. For biogenic amines, namely
spermine, spermidine, and putrescine, a broad and distorted peak
shape was observed. The results suggest that the Diol column rep-
resents a good compromise between the number of detected peaks
and the asymmetry values compared to the other seven columns.

The performance of the method was further investigated
by determining the mass accuracy, selectivity, resolution, peak
area, peak height, retention time stability, and number of total
compounds detected in both polarity modes (Tables S4-S9). L-
tryptophan was selected as the reference compound for the cal-
culation of resolution and selectivity, as one of the last eluting an-
alytes. The average time of the first peak in the run from three
consecutive blanks (solution of CH30H/CHCl3, 1:1 v/v) was con-
sidered as the void time needed to calculate the capacity factors
(Table S5). The median of selectivity and the average of all deter-
mined resolution values for each column were investigated. They
were determined from the average values of six consecutive in-
jections of the standard mixture for each column by applying the
optimized conditions. The median and the average of the over-
all mass accuracy, selectivity, and resolution are reported in Ta-
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Fig. 3. (A) Selected chromatograms for guanine (I°) and guanosine (II°) on the various stationary phases (red: 1-AA, green: BEH, light blue: Diol, violet: 2-PIC, dark blue:
DEA). (B) Bar chart for the number of detected compounds (blue) and non-detected compounds (red) for individual screened columns. (C) Median of the selectivity values
and (D) Average of the resolution values for all metabolites on the various stationary phases. Analytical conditions: mobile phase: CH3;0H + 30 mmol L-! ammonium acetate
and 2% of water; mobile phase of the make-up pump: CH3;0H + 0.1% formic acid and 5% of H,0; 60 °C, 1800 psi (ABPR), ESI (+) and ESI ().

bles S4-S6, as well as the average and RSD% of the peak area,
peak height, and retention time in Tables S7-S9. The median ob-
tained for all analytes was used to compare the overall selectivity
of the stationary phases, since the overall average may be influ-
enced by analytes eluted close to the void volume. The highest
median selectivity was observed for DEA > Cel 1 > 2-PIC = 1-
AA > BEH > HSS T3 > Diol > HSS C18 in positive ion (Fig. 3C)
mode and BEH > 1-AA > 2-PIC = HSS T3 = HSS C18 > Cel
1 > Diol > DEA in negative ion mode (Table S5). It should be men-
tioned that much fewer compounds were detected and differences
in the median selectivity are negligible in the negative ion mode
compared to the positive ion mode (Tables S2 and S5). The high-
est average resolution was observed for DEA > Diol > BEH > 2-
PIC > 1-AA > Cel 1 > HSS C18 > HSS T3 in positive (Fig. 3D) and
DEA > Diol > BEH > 2-PIC > 1-AA > HSS C18 > Cel 1 > HSS
T3 in negative ion mode (Table S6). A small shift in mass pre-
cision was observed, which corresponds to the retention time of
the analyte (Table S4). The ionization efficiency depends on the
gradient shape of the chromatographic run and, consequently, on
the retention times of the analytes. Furthermore, the type of in-
teractions of the analytes with the stationary phase influences the
peak shape, because ionic interactions are slow and may lead to
broader peaks in comparison to faster interactions such as interac-
tions based on partition or solubility. The peak area, peak height,
and average retention time together with the retention time sta-
bility were investigated. The highest average peak area was ob-
served for HSS T3 > HSS C18 > Diol > BEH > Cel 1 > 1-AA > 2-
PIC > DEA in positive ion mode and HSS T3 > HSS C18 > Cel
1 > > BEH > 2-PIC > Diol > 1-AA > DEA in negative ion mode
(Table S7). The highest average peak height was observed for HSS
T3 > HSS C18 > 2-PIC > Diol > 1-AA > BEH > Cel 1 > DEA in
positive ion mode and Diol > DEA > 2-PIC > BEH > 1-AA > Cel
1 > HSS C18 > HSS T3 in negative ion mode (Table S8). The av-
erage retention times on the different stationary phases show the
distribution of analytes within the chromatographic run and the
extent and type of interactions of the analyte with the selector.

The highest average retention time was observed for BEH > HSS
C18 > Diol > 1-AA > DEA > 2-PIC > Cel 1 > HSS T3 in pos-
itive ion mode and BEH > DEA > Diol > 1-AA > 2-PIC > HSS
C18 > Cel 1 > HSS T3 in negative ion mode. The relative standard
deviation of the retention times of the analyte for 6 consecutive
injections of the metabolite mixture on each stationary phase was
investigated, describing the reproducibility of the retention time.
The highest stability of retention time was observed for Diol > Cel
1 > DEA > 1-AA > 2-PIC > BEH > HSS C18 > HSS T3 in positive
ion mode and DEA > Diol > 1-AA > 2-PIC > BEH > Cel 1 > HSS
C18 > HSS T3 in negative ion mode.

The Diol column did not provide the best results for each eval-
uated parameter, but the comparison of the chromatographic pa-
rameters mentioned for each compound and stationary phase, in-
cluding the total number of detected peaks in positive and neg-
ative ion modes, reveals that the overall best performance was
achieved with the Diol column, as also previously reported for uri-
nary metabolites [18]. 67 of the 78 structural and chemical highly
diverse compounds in the mixture were detected on the Diol col-
umn. In order to investigate the reason for detected and non-
detected compounds depending on the analyte structure, the an-
alyte set was classified according to their functional groups (Ta-
ble S14). However, no general trend depending on the presence
of functional groups was observed. The Diol column was used for
further evaluation within this study. The putative explanation for
which Diol worked well for the separation of most of the analytes
is the possible polar and hydrophobic interactions of the station-
ary phase with the polar and hydrophobic parts of the analytes.
Further, the small selector structure of the Diol column may favor
the accessibility of the analytes to interact with the selector of the
stationary phase, in contrast to the bigger selectors tested, which
may be leading to steric hindrance.

The reliable separation of isomeric and/or isobaric metabolites
in complex biological samples is important in metabolomics stud-
ies. Examples of isomeric metabolites included in our selected
standard mixture are leucine, isoleucine, and norleucine, some sug-



M. Antonelli, M. HolCapek and D. Wolrab

ars such as p-glucose and myo-inositol, dopamine and octopamine,
as well as N-acetyl-serotonin and 1-methyl-tryptophan. Examples
of isobaric metabolites investigated are asparagine and ornithine,
aspartic acid and 5-hydroxy-indole, glutamine, and lysine, as well
as glutamic acid and 5-methoxy-indole. Only the BEH and the
Diol column yielded a partial separation of leucine and isoleucine
with respect to norleucine, while their coelution with all other
columns was detected. Dopamine and octopamine are also im-
portant examples of isomers. The first was below its detection
sensitivity, which did not allow detection in most cases; on the
other hand, octopamine was easily detected. However, each stan-
dard was injected individually, allowing good separation between
these two compounds. In fact, octopamine was eluted on each col-
umn between 5 and 7 min, while dopamine was eluted between
8 and 9 min on various stationary phases. Finally, the isomers
D-glucose and myo-inositol, as well as N-acetyl-serotonin and 1-
methyl-tryptophan, were always separated independently of the
stationary phase. All detected isobaric metabolite pairs were as
well separated on all stationary phases investigated. These results
have shown that the optimized method provides good separation
of not only very diverse metabolites but also some of their isomers
and isobars.

18 of the 78 compounds investigated in our study were also
included in the analyte set investigated by Losacco et al. of 49
compounds [16] and Desfontaine et al. of 57 compounds [12], such
as some amino acids, biogenic amines, nucleosides and lipids. For
comparison reasons, special focus was placed on the evaluation
of the separation performance of those compounds. A good peak
shape and peak asymmetry have been reached applying the Diol
column, i.e., for adenosine, leucine, and sphingomyelin (1.61, 1.45,
and 1.31, respectively; Table S3). Additionally, the% RSD of reten-
tion time stability was determined for each column (Table S9). The
overall stability of the retention time was 0.31% RSD for the Diol
column and 0.06, 0.41 and 0.07% for adenosine, leucine and sphin-
gomyelin, respectively. In conclusion, the reported method yielded
comparable results for the Diol column in comparison to the data
shown by Losacco et al. using the Poroshell HILIC column [16]. It is
important to emphasize, that the column screening was performed
for UHPSFC/MS dedicated sub 2-pm columns from the same man-
ufacturer and the larger set of analytes in terms of polarity and
mass range in the present work. The metabolites investigated are
mainly interrelated (Figs. S1 and S2), besides chosen analytes in-
cluded to study mechanistic aspects. This enabled a complete and
exhaustive analysis of chromatographic and mass spectrometric pa-
rameters.

3.4. Evaluation of ammonium acetate versus ammonium formate as
an additive in the modifier

The influence of the type of additive in the mobile phase
on retention time, peak area, peak height, mass accuracy, selec-
tivity, resolution, and peak asymmetry for the standard mixture
was investigated using the Diol column. Six consecutive injec-
tions were performed using 30 mmol L-! of ammonium acetate in
CH30H/H,0 (98:2, v/v) or 30 mmol L~! of ammonium formate in
CH30H/H,0 (98:2, v/v) as a modifier. The peak areas and heights
of each detected compound were normalized to the average in-
tensity of the lock mass to diminish the influence of the drift of
the instrumental response over time (Table S10). The processed
data of the normalized area and normalized height were compared
using bar graphs for the positive (Figs. S5 and S6) and negative
(Figs. S7 and S8) ionization mode. Signal responses for all com-
pounds were higher for ammonium acetate compared to ammo-
nium formate (Table S10). As a result, a higher number of com-
pounds were detected with ammonium acetate (67) than with am-
monium formate (65). Table 3 shows a summary of the average
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Fig. 4. Base peak intensity chromatograms of the standard set of metabolites ob-
tained under optimized conditions (black) and reconstructed ion current chro-
matograms for selected compounds: caffeine (red), MG (0:0/18:1/0:0) (blue), Cer
(d36:2) (olive), sphinganine (d18:0) (orange), melatonin (wine), adenine (magenta),
adenosine (violet), N-acetyl-5-OH-tryptamine (royal), LPC (18:1/0:0) (cyan), palmi-
toylcarnitine (dark yellow), acetylcarnitine (dark cyan), taurine (pink), L-tyrosine
(light magenta), L-tryptophan (dark gray), 5-OH-L-tryptophan (light orange), and L-
arginine (light blue). Analytical conditions: Diol (100 x 3.0 mm; 1.7 pm); mobile
phase: CH30H + 30 mmol L-! ammonium acetate and 2% of water; composition of
the make-up solvent: CH;0H + 0.1% formic acid and 5% of H,0; 60 °C, 1800 psi
(ABPR), ESI (+).

mass accuracy, selectivity, resolution and RSD of the peak area,
peak height, and retention time. Furthermore, detailed values for
each compound, depending on the additive applied on the Diol
column, are reported in Tables S3-S10 for ammonium acetate and
Tables S10-S11 for ammonium formate. The average mass accu-
racy, selectivity, and resolution was slightly higher for ammonium
formate than ammonium acetate (Table 3). No general trend was
observed for the signal and retention time stability depending on
the additive. However, ammonium acetate was selected as the ad-
ditive of choice in the mobile phase for the investigated analyte
set because of the slightly higher number of detected compounds
and the higher signal response. Data processing was performed
independently with TargetLynx, which was used by default, and
MZmine, to assess whether the data processing software has an
impact on the results (Table S11). The same chromatographic and
method parameters were investigated with MZmine as with Tar-
getlynx, and compared to each other. Data were comparable but
not the same, which shows that the data processing software em-
ployed may have an impact on the results.

Finally, the Diol column (100 x 3 mm LD; 1.7 pm), the modifier
of MeOH with 30 mmol L~! ammonium acetate and 2% of water,
the make-up solvent of MeOH with 0.1% formic acid and 5% of wa-
ter (see Fig. 4) were evaluated as the best choice for the separation
of the investigated analyte set.

3.5. Comparison of ESI and APCI ionization techniques

The ionization efficiency may change depending on the chem-
ical properties and chemical structure of the analyzed compounds
and the applied ion source. ESI is the most widely used ion source.
Sensitivity strongly depends on the flow rates employed, since ESI
represents a concentration-dependent ionization technique. APCI is
a mass flow dependent ionization process more suitable for higher
flow rates. UHPSFC/MS methods generally use flow rates higher
than those of UHPLC/MS methods; therefore, the evaluation of the
ion source on the ionization efficiency of target compounds may
be of interest. However, the majority of UHPSFC/MS methods use
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a splitter, which reduces the flow into the mass spectrometer fa-
voring ESI. A systematic investigation was conducted to evaluate
the influence of the ionization source on the number and type of
detected analytes. The standard mixture was analyzed by ESI and
APCI in both polarity modes. The optimized chromatographic con-
ditions and optimized ion source parameters were applied. The re-
sults showed that ESI in general led to a higher ionization effi-
ciency compared to APCI (Figs. S9-S12). However, for some ana-
lytes, the peak area and peak height (normalized to the sum area
and sum height considering the total compounds in the positive
and negative ionization mode for the ESI and APCI sources) were
higher for the APCI source than for the ESI source, showing that
ESI and APCI can be complementary (Table S12). The sensitivity
was higher for several amino acids, such as L-tyrosine, ornithine,
phenylalanine, taurine, as well as L-tryptophan, L-arginine, and
L-lysine and two nucleosides (adenine and guanine) using APCI,
and dopamine was only detected using the APCI source. On the
other hand, the areas and heights of the L-carnitine derivatives,
LPC (18:0), and melatonin were enhanced with ESI. L-carnitine and
acetyl-L-carnitine were only detected using ESI. To illustrate the
comparison of the normalized area and height for some identified
standards in positive ion mode for both ion sources, bar graphs are
shown in Figs. S9-S12. The corresponding values of the normalized
peak areas, heights, and retention times of each standard for both
ion sources are reported in Table S12. The total number of detected
compounds was 67 and 48 for ESI and APCI, respectively, showing
the wider application range of ESI for the investigated analyte set
[32]. In the negative ionization mode, most analytes were not de-
tected using APCI (Figs. S11 and S12). Furthermore, in the negative
ionization mode, the signal response was significantly lower than
in the positive ionization mode, regardless of the ion source type.
ESI provided the overall best ionization efficiency for the analyte
set in both ion modes.

A) ‘ B)
|

| |
|

UJUJL;:*:”M L \‘L \ LL\J L] e

Journal of Chromatography A 1665 (2022) 462832
3.6. Application to human plasma

Optimized chromatographic and MS conditions were applied
for the analysis of pooled human plasma samples to evaluate the
applicability of the method to real samples. The protocol used
for sample preparation was based on the application of an ad-
ditional step prior to protein precipitation based on the addition
of proteinase K. This procedure allowed the release of associated
metabolites through relaxation of the tertiary structure of native
proteins and consequently a higher possibility of their identifica-
tion [41]. In addition, plasma samples obtained by the following
protein precipitation were injected and analyzed in MSE mode.
MSE mode allows the untargeted scanning of the MS and MS/MS
levels by applying low and high collision energy within one run.
This increases the identification confidence of metabolites, as the
characteristic fragments of metabolites provide additional informa-
tion. First, the standard mixture was analyzed to obtain clean frag-
ment ion spectra as reference without interferences caused by the
complex matrix of a real human plasma sample using ESI and APCI.
No differences in fragmentation behavior were observed between
ESI and APCI (Table S13). The diluted human plasma sample (1:10)
was analyzed using ESI and APCI. Fig. 5A shows the TIC of human
plasma obtained with ESI and APCL It can be seen that the sensi-
tivity is higher for ESI than APCI, also for real human plasma sam-
ples. The extracted ion chromatograms (XIC) of selected metabo-
lites detected in human plasma are presented in Fig. 5B using ESI.
The targeted data analysis revealed that 44 and 5 compounds in-
cluded in the analyte set were also detected in the diluted plasma
sample using ESI and APCI, respectively, in positive and negative
ion mode (Table S15). The reduction of the sample complexity by
optimizing the sample preparation protocol, i.e., using solid phase
extraction, may help increasing the sensitivity to detect the whole
analyte set in human plasma. The untargeted MSE approach al-
lowed the use of metabolomics databases to link m/z features to
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Fig. 5. (A) Impact of the type of ion source on sensitivity. Base peak intensity chromatogram of human plasma using red) ESI and blue) APCI. (B) Selected extracted ion
chromatograms of human plasma using ESI (green: ornithine, blue: glucose, red: serotonine, black: adenosine) Pie charts of the untargeted m/z feature analysis in human
plasma for (C) positive and (D) negative ion mode using MS DIAL. 5823 m/z features were detected in positive and 2769 m/z features in negative ion mode. The m/z features
were categorized according to the compound class: red) analyte set of the study, green) nucleoside and derivatives, orange) amino acids and derivatives, violet) polyphenols,
light blue) lipids and dark blue) other metabolites. Analytical conditions: Diol (100 x 3.0 mm; 1.7 pum); mobile phase: CH3OH + 30 mmol L~! ammonium acetate and 2% of
water; composition of the make-up solvent: CH30H + 0.1% formic acid and 5% of H,0; 60 °C, 1800 psi (ABPR), ESI (+).
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metabolites for identification. MSDIAL was used for the identifica-
tion of metabolites considering also the MS2 level. The optimized
method allowed the detection of 5823 and 2789 features in hu-
man plasma in positive and negative ion mode, respectively, using
ESI (Fig. 5C,D). The detected features were classified according to
the compound class, such as amino acids and derivatives, nucle-
osides and derivatives, polyphenols, lipids, other metabolites, and
compounds included in the analyte set. The 27 and 22 compounds
also included in the analyte set for optimization detected with MS-
DIAL in positive and negative ion mode, were also identified with
TargetLynx when targeted data processing was applied. Generally, a
few more compounds belonging to the analyte set were identified
with TargetLynx (38 and 23 compounds in positive and negative
ion mode) than MSDIAL, due to the optimized filtering and thresh-
old settings applied for MSDIAL. This, together with the compari-
son of the MS2 spectra and the retention times of all compounds
present in the standard mixture to the real sample, allowed a cer-
tain quality control, may minimizing the risk of overreporting of
identified compounds by MSDIAL.

4. Conclusion

The goal of this work was the development of a UHPSFC/MS
method for the qualitative analysis of a wide range of metabolites
in terms of polarity and its application to human plasma sam-
ples. Particular attention was paid to the choice of the optimal
chromatographic column and the mobile phase composition. The
set of 78 standards was chosen for the evaluation of chromato-
graphic parameters, allowing the standard mixture to represent
plasma metabolites that are interrelated and of clinical relevance.
Preliminary tests were performed on the Viridis BEH column and
subsequently optimized conditions were applied for the screening
of eight dedicated UHPSFC/MS columns from the same manufuc-
turer ensuring comparable non-selective interactions from the par-
ticle backbone. The best column for the separation of the standard
mixture was the Torus Diol column with 67 out of 78 detected
compounds with selectivity and resolution values of 1.28 and 39,
respectively. Furthermore, the optimized method allowed the sep-
aration of important metabolite isomers, such as myo-inositol and
D-glucose, as well as amino acids L-leucine, L-isoleucine, and L-
norleucine. The sensitivity was higher for ammonium acetate com-
pared to ammonium formate used as an additive in the modifier.
Data processing was performed with two different software pack-
ages, TargetLynx and MZmine. The results were comparable but not
the same, highlighting the importance of experimental details in
untargeted metabolomics. Finally, the influence of ESI and APCI ion
sources on the ionization efficiency was evaluated for the standard
mixture and human plasma samples using MSE mode. Generally,
ESI provides higher sensitivity in comparison to APCI. The applica-
bility of UHPSFC/MS for the qualitative metabolomic analysis has
been confirmed, but there is still a need for further improvements,
such as the optimization of the sample preparation protocol, to ob-
tain a sensitive, quantitative method using UHPSFC/MS.
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