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Comprehensive metabolomics requires robust and efficient analytical techniques capable of addressing
the chemical diversity, complexity, and high sample throughput demands characteristic of large-scale
studies. We introduce a rapid, mixed-mode liquid chromatography method that uniquely integrates anion
exchange and hydrophobic interactions within a single stationary phase. Employing an optimized ternary
gradient, our method achieves comprehensive separation of diverse metabolite classes over a wide range
of polarities within only 4 minutes per run. The performance was tested with standards for ca.
1000 metabolites. For two-thirds of 94 isomeric sets, we could achieve a separation of 2 or more
seconds, which is sufficient for correct identification. We demonstrate robustness over 500 consecutive

Received 12th June 2025,
Accepted 29th September 2025

DOI: 10.1039/d5an00641d

injections of bacterial extracts and with the analysis of complex matrices like plasma, cecum extracts, and
urine. Throughout, retention time drifts were <1 s. Our mixed-mode LC-MS approach offers a routine
throughput of 360 samples per day per instrument and is ideally suited for studies that require rapid and

rsc.li/analyst comprehensive metabolic profiling.
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Introduction

The chemical analysis of biological or environmental samples
presents significant challenges. Such samples are particularly
complex due to their immense diversity: they can contain
thousands of structurally distinct molecules, with concen-
trations varying by orders of magnitude and chemical pro-
perties differing greatly because of natural structural
heterogeneity."”> The intrinsic diversity of these samples calls
for approaches that integrate versatility, dynamic range, and a
refined ability to discern subtle structural differences that
influence bioactivity. Mass spectrometry (MS) is the preferred
technique for analyzing complex samples.? It has become the
predominant technique because it is well-suited for detecting
molecules of virtually any size, class, or polarity. In addition to
its flexibility, MS stands out for excellent sensitivity, speed,
and the ability to resolve fine compositional or structural var-
iants by high-resolution detectors and tandem mass spec-
trometry, respectively.”

In standard practice, MS detectors are preceded by a separ-
ation technique that is essential for enhancing overall analyti-
cal performance. This can occur through various means, such

“Institute of Molecular Systems Biology, ETHZ Zurich, Switzerland.

E-mail: nzamboni@ethz.ch

bPHRT Swiss Multi-Omics Center, Zurich, Switzerland

T Present address: Functional Genomics Center Zurich, Zurich, Switzerland.

This journal is © The Royal Society of Chemistry 2025

as separating isomers that remain indistinguishable in the
MS, removing salt or other interfering agents, reducing inter-
ferences in the ionization process needed to obtain gaseous
molecular ions before MS analysis, or timing the occurrence of
analytes to facilitate the acquisition of tandem MS data for
numerous analytes. The challenge with separation lies in its
reliance on the differential physicochemical properties of the
analytes of interest. In contrast to MS, however, the versatility
is narrower, as each separation method tends to depend on
specific properties such as charge, hydrophobicity, size, and
others.

In the realm of liquid chromatography-MS, the hyphenated
technique most commonly used in metabolomics, the field
has long been divided between the use of either reversed-
phase liquid chromatography (RPLC) or hydrophilic inter-
action liquid chromatography (HILIC). RPLC relies on hydro-
phobic interactions with the stationary phase, consisting of
C18 or C8 alkyl chains and additional functional groups that
enhance stability and selectivity.” The elution is induced by
reducing the aqueous content of the mobile phase in favor of
organic solvents that disrupt the interaction. As the latter is
also beneficial for the ionization process at the interface with
the MS, RPLC-MS is a perfect match. RPLC is robust, reprodu-
cible, and ideally suited for separating non-polar compounds
like bile acids, aromatic metabolites, fatty acids, and all lipids.
RPLC fails, however, to retain polar compounds, including key
primary metabolites such as amino and organic acids or

Analyst, 2025, 150, 4955-4961 | 4955


http://rsc.li/analyst
http://orcid.org/0000-0003-1271-1021
http://crossmark.crossref.org/dialog/?doi=10.1039/d5an00641d&domain=pdf&date_stamp=2025-10-28
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an00641d
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN150022

Open Access Article. Published on 02 Mphalane 2025. Downloaded on 2025-12-18 16:14:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

sugars. This led to the development of several methods tai-
lored to the analysis of polar compounds, which include a
variety of stationary phases for HILIC,® as well as ion pairing”
and ion exchange chromatography,® all of which necessitate
rather lengthy separation and equilibration periods and are
accompanied by specific drawbacks.

To achieve broad coverage of the metabolome, the estab-
lished practice is to run parallel or sequential RPLC and HILIC
methods,”'° with the rising demand for instrumentation and
measurement time required for large-scale studies. This
demand for rapid yet general-purpose methods in metabolo-
mics has sparked a renaissance in supercritical-fluid chrom-
atography (SFC),"* which demonstrated the possibility to sep-
arate several compound classes within a 10-minute method,
with some limitations with nucleotides."” SFC uses carbon
dioxide as a solvent and can be adapted to several stationary
phases, making it a highly versatile technique. However, it also
requires dedicated instrumentation for compound separation,
leading to lower overall laboratory utilization.

Chromatographic columns with stationary phases that have
more than one mode of separation have been described and
used previously."*"® However, in most cases, the separation is
not optimized, as typically only one mode of separation is
employed. The use of a quaternary chromatographic pump
enables full utilization of this technology by employing
different modes of separation within the same chromato-
graphy run.

We present a straightforward system for a fast yet compre-
hensive metabolome analysis. Our strategy employs a station-
ary phase that combines different modalities, namely anion
exchange and hydrophobic interactions. The benefits of the
hybrid stationary phase have been characterized in isocratic'®
conditions and binary gradients.” However, these configur-
ations do not fully utilise its multimodal retention mecha-
nism. Instead, we optimised a ternary gradient that allows for
simultaneous but controlled elution of both retention mecha-
nisms, thereby improving sample throughput. We demonstrate
robust separation of a wide range of metabolite classes in just
4 minutes, enabling a throughput of 360 samples per day per
instrument. We investigated the suitability of the method to
characterize a broad range of species and its robustness over
time and in complex matrices.

Materials and methods
Chemicals

All chemicals were LC-MS grade and purchased from Merck,
except for medronic acid, which was purchased as a 100:1
stock solution from Agilent (Part. no. 5191-3940). For optimiz-
ation and testing of the method, we used the Mass
Spectrometry Metabolite Library of 600 standards supplied by
IROA (Merck, MSMLS-1EA) and the Human Endogenous
Metabolite Compound Library of 1000 standards (Selleck
Chemicals, Art. No. L4500). Standards from the IROA library
dissolved according to the manufacturer’s guidelines with
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water (for plates 1-5) and methanol (plates 6-7). The Selleck
library was diluted 1:10 with ethanol to a concentration of
100 pM. Compounds were mixed in batches of 10, and the
compound mixtures were further diluted with 90 pL of water
for LC-MS analysis.

LC-MS

We used an Agilent Infinity 1290 II LC stack including a qua-
ternary pump (G4204A), autosampler (G1767B), and a column
oven (G7116B), connected by stainless steel capillaries with
0.12 and 0.17 mm inner diameter. The column was an Atlantis
BEH C18 AX 1.7 pm, 2.1 x 30 mm, equilibrated at 40 °C. The
solvents were (a) 5 pM medronic acid in water; (b) 0.1% v/v
formic acid in methanol; and (¢) 5 mM ammonium formate
and 0.1% v/v formic acid in water. The flow rate was constant
at 1.2 mL min~". The gradient is described in Table 1.

The mass spectrometer was a SCIEX 7600 ZenoTOF System,
operated with SciexOS version 3.0.3. The following settings
were used for electrospray ionization: curtain gas 45, CAD gas
7, ion source gas 1 70 psi, and gas 2 70 psi, the source temp-
erature 700 °C, declustering potential 80 V, spray voltage
—3500 V in negative mode and 5500 V in positive mode. The
MS was operated in full scan mode, acquiring data from 50 to
1750 Th with an accumulation time of 75 ms (~13 Hz) and a
collision energy of 10, which is the default to ensure the trans-
mission of ions to the detector.

Sample extraction

We grew Escherichia coli in shake flasks to an OD600 of 0.5.
1 mL aliquots were extracted with an ice-cold mixture of
acetonitrile : methanol : water (40:40:20). The mixture was
vortexed for 15 seconds and left at —20 °C for at least 2 hours.
Then, extracts were centrifuged for 1 min at 15000 rpm. We
collected the resulting supernatant and dried it in a vacuum
concentrator (Christ AVC 2-33 CO plus) equipped with a freeze
dryer (Christ Alpha 2-4 LSCbasic). The dried pellets were
reconstituted in 100 pL of water. For robustness tests in
different matrices, we extracted serum, urine and cecum.
Serum and urine extraction were precipitated with a four-time
ice-cold extraction solvent of methanol: acetonitrile : water
(40:40:20). After two hours at —20 °C, the samples were cen-
trifuged at 15000 rpm, and the supernatant was collected and
dried as above. The pellet was resuspended in 100 pL of water.

Table 1 Chromatographic gradient

Time/min A% B/% C/%
0 100 0 0
0.4 100 0 0
0.8 40 0 60
1.5 5 40 55
2.05 5 40 55
2.5 0 100 0
2.9 0 100 0
3 100 0 0
4 100 0 0

This journal is © The Royal Society of Chemistry 2025
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For the cecum samples, cecum content was extracted with hot
water (80 °C) for 3 minutes with shaking. The samples were
centrifuged at 15 000 rpm, and the supernatant was collected
and diluted before mass spectrometric measurement. The
final pellet was resuspended with 200 pL of water.

Data analysis

Raw MS data were converted to centroided *.mzML with
Proteowizard and quantified using Skyline."”

Results and discussion
Coverage

The mixed-mode liquid chromatography method was designed
to separate a wide range of biologically relevant compounds,
cover all polarities, and enable both positive and negative
ionization. Optimization and testing were based on ca. 1000
pure standards comprising metabolites across chemical
classes (Table S1) and led to a ternary LC gradient that can be
subdivided into four phases (Fig. 1A). The first 0.4 minutes (in
blue) are run with an isocratic phase with pure water. The
mobile phase also contains medronic acid to scavenge cations
and reduce the impact of residual salts on the initial phases of
separation that rely on hydrophilic interactions. The injection
void elutes after ca. 5 seconds and includes neutral sugars,
alanine, glycine, and polyamines. Several attempts were made
to increase the retention of these compounds: we tested the
use of precolumn or a pH gradient with a fourth solvent
channel, all of which negatively affected robustness and
column stability. Since most of these coeluting compounds
can be resolved by accurate mass, except for sugars, we
decided to adhere to the proposed ternary method because it
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Fig. 1 Representation of mixed-mode chromatographic gradient. (A)
Gradient profile with the relative concentrations of solvent A (red): 5 uM
medronic acid in water, solvent B (green): 0.1% v/v formic acid in metha-
nol; and solvent C (blue): 5 mM ammonium formate and 0.1% v/v formic
acid in water. (B) Examples of chromatographic peak shapes.
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provided the best reproducibility. During the isocratic phase,
we observe the elution of non-acidic compounds that are
weakly retained on the lipophilic column. These include
nucleobases and aromatic amines as exemplified by adenine,
inosine, guanosine and uridine (Fig. 1B).

The isocratic phase is followed by a ramp in formate, which
leads to the release of the acidic metabolites bound to the cat-
ionic groups on the column. The ramp ends at 0.8 minutes
when the third phase with methanol starts and proceeds for
1.2 minutes. During this period, we observe the sequential
release of organic acids, followed by phosphorylated com-
pounds, bile acids, polyphenols, indoles, and then non-polar
compounds. At this stage, analytes are bound to the column
through hydrophobic interactions. Following this is the fourth
and final stage, involving a ramp to 100% methanol, which is
equivalent to RPLC and induces the elution of any lipids
present in the samples, including glycerophospholipids and
triglycerides. The total cycle time, including equilibration, is
4 minutes. The method can be performed on both polarities
without the need to adjust chromatographic conditions. In
negative ionization mode, it is common to detect medronic
acid multimers at the beginning of the run, but we have not
observed any adverse effects on the measurement.

Separation of isomers

An important function of the chromatographic step is the tem-
poral separation of isomers that are difficult to distinguish by
mass spectrometry. To assess the suitability of mixed-mode
chromatography, we overlaid the extracted chromatograms for
six sets of isomers from various compound classes (Fig. 2). In
these examples, we observed distinctly recognizable differ-
ences in retention times for all isomers and, in four cases,
baseline separation of the chromatograms, which would allow
for the quantification of individual isomers regardless of their
relative abundance. Overall, our development dataset con-
tained a total of 94 isomeric sets (Table S2). Of these 94 sets,
our mixed-mode method failed to separate 31 combinations,
with 17 being sugars and compounds that eluted within the
first 10 seconds. The remaining 63 combinations of isomers
exhibited at least 2 seconds of separation between them,
which we deem to be sufficient for correct identification.

A few examples are of particular interest. The first
is the clear separation of small metabolites, such as
N-acetylornithine and glycyl-L-valine (Fig. 2A), which is surpris-
ing because it occurs in the initial 15 seconds of the method
during the isocratic phase. The second example is the sharp
separation of the diastereomers (+)-catechin and (—)-epicate-
chin (Fig. 2B). They differ in the chirality of carbon 3, which
determines whether the attached hydroxyl group and the cate-
chol-like ring bound to carbon 2 are in the cis or trans con-
figuration. As illustrated in this example, the mixed-mode
method can separate isomers with different orientations of
individual polar groups, especially hydroxylic and carboxylic
groups, even in larger molecules (Fig. 2C-F). These examples
illustrate the added value that the anion exchange brings
about, even in the case of hydrophobic compounds.
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Fig. 2 Separation of 6 sets of isomeric molecules present in the testing library. All data represented is the extracted ion chromatogram acquired in
negative mode, with normalized intensity.
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Chromatographic stability

To test the method’s stability in routine analysis, we repeatedly
analysed a bacterial extract of Escherichia coli for 500 consecu-
tive injections on the same column. The total running time
was 36 hours. The back pressure profile was constant through-
out the sequence, correctly relaxing to the initial pressure
during the final equilibration (Fig. S1A). The initial pressure
increases by ~3% between the first and the 500™ injection.
Excellent chromatographic stability was also confirmed by the
total ion chromatogram profiles (Fig. S1B). The only observa-
ble drift is in the intensity of the hydrophobic compounds that
elute during the wash and equilibration. At the level of single
compounds, both retention time and peak shape were stable
throughout the test (Fig. SIC-F). For a set of ~60 metabolites
that we could detect in E. coli extracts, the average retention
time drift between the first and the last injection was less than
0.5 s on average (Table S3). The average shift in retention time
between different columns or different batches of solvents was
less than 0.5 s. No particular issues were observed during the
past 18 months, during which the method was routinely
employed in our lab. The coefficient of variation of the inte-
grated area was 5-8% for the compounds eluting in the first 6
seconds, and <5% for the rest, which is well suited for untar-
geted metabolomics.

Robustness to matrix

Finally, we tested the robustness of the method against
complex matrices. We extracted plasma, cecum, and urine
samples using our routine procedure and added pure stan-
dards of compounds with diverse chemical properties and,
consequently, varying elution times. The spiked samples were
analysed with our mixed-mode method to evaluate the robust-
ness of chromatography. Across all tested compounds, the
shifts in retention were less than 1 second (Fig. 3). In the case
of citrate (Fig. 3E) and isocitrate (Fig. 3F), we observed the iso-
baric peaks caused by the endogenous isocitrate and citrate,
respectively. The peak shape was similar between water and
matrix samples. Peak tailing remained comparably low, even
for the phosphorylated compounds that are prone to binding
cations. This robustness against salt is primarily due to adding
medronic acid to solvent A.

Conclusion

We introduced a rapid and versatile mixed-mode chromato-
graphy method tailored for comprehensive metabolomic ana-
lysis. Our development builds on recent work by others that
clarified why mixed reversed-phase/weak-anion-exchange
stationary phases such as Atlantis BEH C18 AX provide excel-
lent selectivity for anions, compatibility with 100% aqueous
starts, a wide usable pH window (~2-10), strong batch-to-batch
reproducibility, and a certain level of tunability between the
two modes."® The versatility of the stationary phase was pre-
viously exploited for the analysis of diverse compound classes,
such as fatty acids,'® amino acids,’® or NAD metabolites,*°

This journal is © The Royal Society of Chemistry 2025
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upon optimization of binary gradients for each class. For
multi-class analyses as requested in untargeted metabolomics,
binary gradients fail to exploit multimodality.”> As the two
retention mechanisms are not mutually exclusive, we over-
lapped the two modalities in a ternary gradient, which resulted
in robust and efficient separation across classes within a
notably brief 4-minute analysis cycle. This method signifi-
cantly increases sample throughput, enabling the processing
of up to 360 injections daily. Although it is possible to analyze
a sample in both polarities, we recommend avoiding polarity-
switching because of the spray instability that affects quantifi-
cation precision; thus, two separate injections would be
required.

Compared to RPLC, our method improves the separation of
polar to moderately non-polar compounds while maintaining
robustness. Compared to HILIC and binary gradients using
mixed-mode stationary phases, the presented ternary gradient
provides increased speed, robustness, and coverage across
diverse classes. It is possible to further enhance the separation
of hydrophobic lipids in the second half of the method by
reducing the steepness of the gradient through slowing the
solvent gradient in that phase. However, this would reduce
throughput. Since hydrophilic and hydrophobic compounds
are typically fractionated during sample preparation, we
believe there is little practical advantage in a slower method
attempting to cover all polarities.

Although short, the ternary mixed-mode chromatography
method allows sufficient time to intercalate MS* spectra and
support metabolite identification. The observed chromato-
graphic peak width (FWHM) ranges between 2 and 4 s.
Assuming that seven points are necessary for quantification,
the minimum MS cycle time is about 300 ms. This is sufficient
to include 3-10 data-dependent MS? scans of 5-20 ms in each
cycle, that is ~10-30 MS? scans per second. Over the course of
a single injection, it’s possible to acquire MS> data for >1000
independent precursors and obtain deep fragmentation.

One aspect that requires further experiments is the sensi-
tivity to matrix effects, which are common in fast LC-MS ana-
lyses of complex samples. While we tested the reproducibility
of the method across repeated measurements and matrices,
we did not evaluate the method’s sensitivity to variations in
sample composition. Since the extent of coelution is inversely
related to the length of the gradient, it is plausible to suggest
that fast gradients may be more susceptible to matrix effects.
On a positive note, the reversed-phase mode ensures that lipo-
philic analytes, which are a major source of ion suppression,
elute later and do not interfere with the ionisation of polar
compounds. These, however, are purely theoretical consider-
ations that should be carefully verified for the specific types of
samples.

Our mixed-mode chromatography requires a ternary gradi-
ent, and the simplest solution is to use a quaternary pump.
Most quaternary pumps initially mix solvents under low
pressure before using a single pump head to increase flow
through the column. Unlike systems with multiple pump
heads that accurately adjust the flow for each channel before
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mixing, such as many binary pumps for HILIC and RPLC, qua-
ternary pumps have two main drawbacks. First, their mixing is
less accurate due to timed channel switching. Second, they
exhibit an increased dead volume between the mixer and the
column. However, in our setup, employing a turbulent flow of
1.2 mL min~" alleviates both issues, enabling excellent repro-
ducibility with a cost-effective quaternary pump.
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