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Abstract

Following in the footsteps of genomics and proteomics,
metabolomics has revolutionised the way we investigate and
understand biological systems. Rapid development in the last
25 years has been driven largely by technical innovations in
mass spectrometry and nuclear magnetic resonance spec-
troscopy. However, despite the modest size of metabolomes
relative to proteomes and genomes, methodological capabil-
ities for robust, comprehensive metabolite analysis remain a
major challenge. Therefore, development of new methods and
techniques remains vital for progress in the field. Here, we
review developments in LC-MS, GC—MS and NMR methods in
the last few years that have enhanced quantitative and
comprehensive metabolome coverage, highlighting the tech-
niques involved, their technical capabilities, relative perfor-
mance, and potential impact.
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Introduction

Metabolomics has risen to take a strategically and
functionally important place amongst the ‘omics’ sci-
ences, however, due to the ongoing challenge of
comprehensive and quantitative metabolite coverage
and identification, new analytical methods still have the
potential to significantly impact the field. Metabolomics
has led to important developments in our understanding
of metabolic systems across a wide range of organisms
and how the metabolome interacts with the genome,
transcriptome and proteome in the molecular processes
of life. Nuclear magnetic resonance spectroscopy
(NMR) and mass spectrometry coupled with liquid or
gas chromatography (LLC-MS and GC—MS) are most
widely used in metabolomics (although electrophoresis
and other spectroscopies, including Raman spectros-
copy, also have an important role to play). However,
unlike genomics (and to a lesser extent proteomics)
where the analytical approaches have matured into more
unified technological solutions, a broad range of plat-
forms and methods are still used widely in metabolomics
and technical developments can have significant posi-
tive impact.

NMR and MS have advantages and disadvantages as
platform technologies for metabolic profiling. Although
inherently quantitative and non-destructive, the
complexity of NMR spectra can lead to time-consuming
interpretation and relatively low sensitivity prohibits
characterisation of the majority of metabolites in com-
plex systems. Despite the significantly higher sensitivity
of LC-MS and GC—MS methods, quantitative analysis
of metabolites with broad physiochemical properties,
remains a major challenge. A range of chromatographic
approaches are used in contemporary metabolomics for
characterising subsets of the metabolome, but none are
universally comprehensive and the main analytical
platform methods are currently insufficient to provide
full metabolome coverage.

This review focuses on selected recent technical and
methodological developments in NMR and hyphenated
techniques, with specific focus on those that have
improved quantitative metabolome coverage and made
important analytical contributions. It focusses across the
main LC-MS, GC—MS, and NMR platforms where
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recent advances in the characterisation of metabolites
have been made. A particular focus is given to polar
metabolites enabling the profiling of primary metabolic
pathways. The technical merits and deficiencies of new
methods are summarised (rather than details of their
applications) providing an overview of current method
capabilities and where technical challenges still lie. This
review therefore provides a concise update on selected
new methods in the field of metabolomics focussed on
mass spectrometry and NMR platforms.

New mass spectrometry and separation
science methods

A major analytical challenge in MS-based metabolomics
is the comprehensive analysis of metabolites represent-
ing a wide range of polarities and structural isomers.
Triple quadrupole technologies are typically used in
targeted biomarker studies whilst ‘time of flight’ and
Orbitrap technologies are utilised in untargeted (dis-
covery) applications. There have been progressive ad-
vances in these technologies including higher speed,
sensitivity and linear range of both triple quadrupole
systems and orbitrap technologies enhancing quantita-
tion and metabolite coverage capabilities. Incorporation
of ion-mobility has provided orthogonal separation ca-
pacity as well as developing the effectiveness of data-
independent tandem mass spectrometry methods.
Notably recent developments in ion-source and extrac-
tion technologies have also enhanced spatial metab-
olomics, providing a new level of sensitivity and
metabolite coverage. However, one of the main technical
challenges in metabolomics is the limitations of current
separation science capabilities in providing comprehen-
sive metabolome coverage using hyphenated techniques.
GC or LC separation, followed by direct mass spec-
trometry measurement remains one of the most effective
approaches, however, the relatively narrow physi-
ochemical selectivity of most chromatographic stationary
phases makes it difficult to gain broad metabolome
coverage. Multiple LC-MS and/or GC—MS methods can
be applied but this is not ideal as it leads to considerably
greater analysis time, sample quantity requirements and
results in non-contiguous, partially overlapping datasets.
Highly polar and ionic metabolites remain some of most
difficult to characterise (with potentially significant
impact as they are well-represented across primary and
secondary metabolism). Therefore, more comprehensive
and robust methods, integrating highly polar and ionic
metabolites (ideally using a smaller number of methods),
remain an important method development challenge, as
does the need to provide comprehensive, robust, and
quantitative coverage of metabolites across inter-
connected pathways, not just well-characterised metab-
olite classes or defined polarity ranges.

Reversed-phase (RP) LC-MS is widely used in metab-
olomics due to its robustness, but poorly separates more

polar and ionic metabolites. In contrast, HILIC-MS (as
well as mixed-mode and ion-pairing chromatographic
methods) is more suitable for higher polarity metabolite
analysis but less reproducible and more selective. The
chromatographic approaches used in a study, the
number of methods applied, and their robustness can
therefore significantly affect metabolite coverage,
quality of the data, and the overall effectiveness of
untargeted or semi-targeted studies in both looking
metabolome-wide for biomarkers and altered metabolic
pathways. New methods and combinations of methods
can therefore have a significant impact on the success of
metabolomics studies, particularly when used as dis-
covery tools. Recent developments in chromatographic
technologies, and novel chromatographic combinations,
have helped integrate broad coverage whilst mitigating
some of the challenges inherent to highly polar and ionic
metabolite analysis.

Mixed-mode methods

‘Mixed-mode’ approaches combine distinct stationary
phases to provide multiple mechanisms of analyte
retention which can facilitate analysis of a broader range
of metabolites with different physiological properties.
Sagi-Kiss and colleagues recently developed a comple-
mentary approach to highly polar and ionic metabolite
analysis combining amine derivatisation (AccQTag) for
high sensitivity analysis of anionic metabolites with
tributylamine ion-pairing-MS for anionic metabolome
coverage [1]. They characterised approximately 450
metabolite standards and applied the method to the
study of sex differences in liver extracts [1]. The
method requires two sequential analyses with multiple
sample injections, increasing the investment needed in
analysis time and sample quantities. Due to the targeted
nature of the derivative the cation analysis is largely
limited to primary and secondary amines and the use of
the ion-pairing reagent tributylamine can lead to
persistent contamination [2]. Despite these limitations,
this innovative method demonstrates that new mixed-
mode methods can help characterise highly polar and
ionic metabolites, providing an alternative separation
capability to HILIC-MS.

Taking the mixed-mode approach in a different direc-
tion Nakatani et al. recently combined HILIC with
anion-exchange chromatography in a single chromato-
graphic run (unified-HILIC/AEX/(HR)MS/MS) to
maximise coverage of highly polar metabolites [3]. They
reported an almost 40% increase in compound-feature
coverage compared to HILIC alone in a novel, two-
step, single injection chromatographic separation. Over
400 metabolites in Hela cell extracts, including nucleic
acids, TCA cycle intermediates and amino acids, were
detected. However, an absence of sugar mono and di-
phosphates was noted. Although the approach
focussed on anionic metabolites only, it clearly
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demonstrated the added benefit of combining chro-
matographic approaches and the limitations of using
HILIC alone to gain highly polar and ionic metabo-
lite coverage.

Mixed-mode chromatographic approaches, using a
single stationary phase, have also been developed that
combine an RP-LC mechanism with embedded ionis-
able groups that retain more polar and ionic metabolites
[4]. Whilst applied less frequently in contemporary
untargeted metabolomics studies, there is potential to
maximise metabolite coverage across a wider range of
physiochemical space using these approaches. For
example, Hodek and colleagues developed a mixed-
mode method (RP-AX-LC-MS/MS) to characterise
TCA cycle intermediates, medium to long chain fatty
acids, and other metabolites in human blood plasma.
This fast method provided efficient coverage of the
central carbon metabolome, successfully analysing me-
tabolites across a broad polarity range [5]. Pushing the
boundaries of mixed-mode separations further, Xing and
co-workers recently incorporated an ion-pairing dimen-
sion to a mixed-mode gradient separation using a poly-
vinyl alcohol stationary phase [6]. In another study,
retention of almost 400 metabolite standards included
the monosaccharides glucose and fructose, a class of
compounds notoriously difficult to resolve and charac-
terise in the context of discovery metabolomics [7].

Derivatisation

Chemical derivatisation can be used to both enhance
sensitivity and chromatographic selectivity. This has a
long history in GC—MS applications where it also serves
to ensure metabolites are sufficiently volatile, enabling
gas phase separation. For LC-MS, the range of suitable
derivatising agents is far greater, in part because they do
not need to also ensure metabolites are volatile. It is
worth noting that derivatisation does not universally
enhance metabolite coverage, as the presence of specific
functional groups are a pre-requisite for derivatisation,
tending to make it a more selective approach. The
instability of derivatives ounce formed, can also be a
problem with certain structures more unstable than
others and the potential for poly-derivatisation making
metabolite identifications more challenging. These
issues make untargeted coverage particularly difficult
using derivatisation approaches. Nevertheless, multiple
functional groups can be further functionalised by a
single derivative and multiple derivatives can also be
used with the same sample. There continues to be
important methodological developments that explore
derivatisation approaches to enhance coverage in
metabolomics applications.

Capellades and co-workers developed a GC-chemical
ionisation-MS  technique  (GC—CI-MS)  using
MTSBSTFA derivatisation which provided protonated
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molecular ions using isobutane as a CI reagent gas [8].
They showed this outperformed methane which is
typically used in CI and demonstrated increased sensi-
tivity and greater isotopologue coverage in isotope tracer
studies. Other notable derivatisation-based methods
recently developed include a targeted 60 compounds
silyl derivative method [9]. Despite the separation ef-
ficiency of GC, and generally taller, narrower chro-
matographic peaks, coverage and sensitivity remain a
potential disadvantage due to the narrower range of
derivatives and reliance on electron ionisation which is
inherently less sensitive that electrospray ionisation
(ESI) and atmospheric pressure chemical ionisation
(APCi), both commonly used in LLC-MS approaches. As
a result, a greater proportion of more sensitive, higher
coverage, LC-MS derivatisation methods have been
recently developed for metabolomics applications. For
example, Willacey et al. observed that the majority of
derivatising agents used in LC-MS based metabolomics
focus on amines, phenols and thiol functional groups
leaving a major gap for carboxylic acids [10]. They used
dimethylaminophenacyl bromide (DmPABr) to simul-
taneously derivatise carboxylic acids, thiols and amines
and demonstrated targeted quantitation of 64 metabo-
lites in urine. Several other novel derivatives and deri-
vatisation approaches, with specific application to
analysis of metabolites involved in primary metabolism,
have also been developed recently [11,12].

By far the most time-consuming aspect of any method,
where a chromatographic technique is coupled with
mass spectrometry, is the length of the chromatographic
separation. It was therefore a significant breakthrough
when Nemkov and co-workers developed a 3-min, high
throughput quantitative method for analysis of metab-
olites found in central carbon and nitrogen metabolic
pathways, demonstrating analysis of over 400 metabolite
standards [13].

lon-exchange chromatography-MS

Most new methods in metabolomics involve the in-
cremental development of established LC-MS tech-
niques and stationary phases that have been used in
the field for some time. It is rarer to find a new chro-
matographic technique being introduced. Ion-
exchange chromatography coupled directly to mass
spectrometry (IC-MS) used in metabolomics applica-
tions is therefore of particular interest. The coupling of
IC with MS via the development of online electrolytic
ion-suppression technology has enabled the high salt
and extreme pH mobiles phases used to be compatible
with electrospray ionisation mass spectrometry and our
recent review includes an overview of IC-MS applica-
tions in metabolomics [14]. In 2020, our group re-
ported an IC-MS method characterising over 400
highly polar and ionic metabolites from cell extracts
and demonstrated untargeted coverage of thousands of

www.sciencedirect.com

Current Opinion in Chemical Biology 2024, 80:102466


www.sciencedirect.com/science/journal/13675931

4 Omics - Metabolomics (2023)

compound-features in glioblastoma cancer cells [15].
There is a growing number of publications that have
demonstrated anion-exchange-MS is a highly repro-
ducible, sensitive and robust platform that can be used
for both targeted and untargeted metabolomics; to date
mainly focussed on the anionic metabolome [16—20].
Comprehensive coverage of metabolites found in
multiple primary metabolic pathways has been
demonstrated, including glycolysis, pentose phosphate
pathway, TCA cycle, purine and pyrimidine meta-
bolism and a wide range of carboxylic acids and phos-
phorylated metabolites in cell extracts. Our work has
shown that IC-MS can provide superior analytical
performance when compared to HILIC-MS in both
targeted and untargeted validation experiments for a
range of classes of highly polar and ionic metabolite
[15]. However, the electrolytic suppressor technology
removes counter-ions preventing the characterisation
of certain compounds, including amino acids and other
zwitterions. It also requires anion and cation modes to
be run independently. To date very little research has
been published using cation-exchange in the context of
metabolomics. Nevertheless, anionic IC-MS provides
an important methodological development for metab-
olomics applications and may see an increasing number
of applications in the future [21—28].

New NMR methods

While the rate of publications focusing on NMR
metabolomics continues to grow, the number of studies
lags significantly behind metabolomics studies utilising
MS techniques. This is largely due to the reduced
sensitivity relative to MS, complexity and overcrowding
of NMR spectra making interpretation challenging, and
the non-trivial quantification of overlapping signals.
However, significant advances in NMR methods have
been made to address these issues in recent years.

Resolution

Whilst chromatographic separation is not needed for
NMR quantification, the complexity of NMR spectra of
biological samples can make metabolite assignment and
quantification challenging. Recent advances in pure
shift approaches overcome this by collapsing 'H multi-
plet patterns to singlets [29]. While the use of pure-
shift NMR in metabolomics studies is still relatively
new, several promising applications of pure-shift
methods to biological samples have recently emerged.
The improved resolution obtained is of particular
benefit in the analysis of complex mixtures of unknown
compounds such as those obtained from extracts of
natural products [30—34]. It is reasonable to assume
that improved resolution will lead to improved statistical
analysis of metabolomics data. While direct comparisons
of downstream multivariate analysis of traditional and
pure-shift spectra are limited, there is evidence that
reducing peak crowding results in improved downstream

analysis [35]. Recently, incorporation of a NOESY-presat
block with pure-shift NMR provided sufficient water
suppression [36], essential for measurements of bio-
logical samples, for analysis of extracellular matrices
with improved interpretation.

Although it should be noted that pure-shift methods
suffer from a loss of sensitivity, the power of the technique
lies in improved peak assignments, down-stream statisti-
cal analysis, and interpretation. Indeed, ultrahigh-
resolution spectra more readily lend themselves to auto-
mated peak fitting and quantification algorithms which
will likely streamline NMR analysis in future.

2D NMR can also be used to alleviate crowding in
complex mixtures by spreading the signals throughout a
second, more well dispersed chemical shift range.
Indeed, "H—"H TOCSY and 'H—"H COSY methods
improve performance over 1D NMR in the analysis of
mouse urine [37], cell culture, and human serum [38].
However, the increased time required to acquire 2D
data is problematic when hundreds-thousands of sam-
ples are required and where samples may degrade during
data acquisition. The development of non-uniform
sampling (NUS) and ultrafast NMR pulse programmes
overcome this limitation and recent studies have
demonstrated that they can be reliably applied to bio-
logical samples, paving the way for the increased use of
2D NMR in metabolomics studies.

It has been shown that NUS "H—"°C HSQC of plasma
extracts have markedly improved sensitivity compared
to traditional uniform sampling methods [39]. Further-
more, NUS 'H='H TOCSY, 'H—'H COSY methods
have been reproducibly applied to the analysis of plant
extracts [40—42]. Schatzlein ez 4l recently demonstrated
that ultrafast ALSOFAST-HSQC could be successfully
applied to 3C_enriched cancer cells [43] which,
coupled with the improvements in this method, devel-
oped by Schulze-Sunninghausen and co-workers, to
study compounds at natural abundance [44] could lead
to exciting opportunities to apply these methods to a
range of disease models without the need for
isotope enrichment.

Quantification

Although many NMR pulse programmes have been
developed to quantify compounds with high accuracy
and precision, those typically used in metabolomics do
not lend themselves to quantification due to the need to
suppress macromolecule signals, significant peak over-
lap, and the necessity to minimise acquisition times.
The use of line shape fitting methods which simulta-
neously correct the baseline, particularly in the study of
plasma and serum samples, has become common in
recent years and is found in commercial software.
However, these approaches require @ priori assumptions
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of the chemical shift, line width, relative concentration
and quantity of each overlapping peak of interest
requiring a library of reference NMR spectra and so are
used principally for targeted analysis. Furthermore, such
methods fail if the spectra deviate significantly from
these assumptions, which can be a problem when
analysing samples from patients with severe disease
where the composition of metabolites in the mixture
may be greatly perturbed or if an unknown metabolite is
present. An ingenious approach to overcome this limi-
tation is to deconvolute signals in the time domain
leading to NMR parameter estimation requiring no prior
assumptions or user input [45—47]. While the applica-
tion of these methods to metabolomics studies remains
limited, the wuse of the Bayesian-based CRAFT
(completed reduction to amplitude-frequency table)
method has been shown to allow rapid analysis and
improve discrimination in plant cultivar studies [48] and
to improve the quantification of several lipid species in
rodent serum, liver, heart, and adipose tissue sam-
ples [49,50].

An area which remains in its infancy, but is likely to
rapidly gain in popularity, is the application of artificial
intelligence (Al) methods to spectral processing, peak
deconvolution and assignment. Very recently the
development of neural network-based approaches to
deconvolute frequency domain NMR data has shown
promise on real biological samples in both 1D [51,52]
and 2D spectra [53]. Furthermore, developments in Al
assignment may improve 2D NMR metabolomics
workflows in future [54,55].

Sensitivity

Improvements in NMR instrumentation consistently
expand the lower limits of detection of NMR metab-
olomics data. Indeed, the recently developed 1.2 GHz
NMR spectrometer offers vast improvements in sensi-
tivity and resolution when compared to lower field
spectrometers [56,57] and is expected to double the
number of metabolites detectable in biofluid samples
[58]. Simultaneously, advances in benchtop NMR
instrumentation are paving the way for biofluid analysis
in primary care settings [59—63]. Hyperpolarisation
[64—67] and the use of paramagnetic probes [68] offer
another avenue to significantly improve sensitivity.
Although the cost of these methods is decreasing, the
advanced technology and NMR expertise required for
many of the methods currently limits their use in the
wider-spread metabolomics community.

Combined NMR and mass spectrometry
(hyphenated methods)

The combination of NMR and mass spectrometry has
been used foralong time in the structural characterisation
of new metabolites but their combination is much rarer in
untargeted applications. This is in part due to the
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significantly more complex datasets produced and, in
practice, many studies utilise the most convenient plat-
form available to them. It is rarer that both are available
simultaneously, with the required expertise and there is a
significant additional cost and time requirement to
performed combined analysis. Nevertheless, in large part
due to the challenges that currently face comprehensive
coverage in metabolomics, NMR and MS platforms have
begun to be combined in metabolomics studies [69].
Integration of NMR and MS methods can occur at
different levels. E.g. via integration of the physical
instrumentation (rare) through to combining the respec-
tive datasets in a post-metabolomics workflow (increas-
ingly common). An important but neglected area is the
development of sample preparation and analysis ap-
proaches which enhance the information combinatorial
analysis can provide. For example, solid-phase extraction
(SPE)-NMR methods coupled with mass spectrometry
allow unknown compounds to be identified more effi-
ciently and simultaneously validated on both systems
[70,71]. Studies have shown that combining NMR and
MS approaches is able to increase the depth of metab-
olome coverage and provide data representing a broader
physiochemical range. Finally, combination of MS and
NMR techniques for metabolomics imaging is highly
complementary and currently being applied, particularly
to identify pathology, disease biomarkers and prognostic
markers [72].

Conclusions and outlook

Metabolomics remains analytically challenging and in
this review we have focussed on recently developed
NMR, GC—MS and LC-MS methods that enhance
metabolomics capabilities. Developments in the last
few years have provided important innovations but also
highlighted comprehensive quantitative profiling of
metabolomes, using a single technology, is still an aspi-
ration rather than the reality. No single method or
platform can currently capture even the majority of
metabolites found in mammalian, plant and microor-
ganism systems. MS and NMR remain the major plat-
forms used in metabolomics (usually independently
applied) and new methods aimed at overcoming the
technical challenges still inherent in discovery metab-
olomics are critical and enabling as demonstrated by
excellent new methods developed over the last few
years. Finally, the combination of MS and NMR
methods is still relatively rare in metabolomics, leaving
room for new applications to exploit their complemen-
tary  capabilities  for  comprehensive  metab-
olomic profiling.
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