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Metabolomics is an interdisciplinary field with applications in many areas. Analytes include metabolites
involved in pathways such as glycolysis, amino acid metabolism, the Krebs cycle, etc. However, the
metabolites involved in these biosynthetic pathways are typically highly polar molecules, which
represent a major challenge for chromatographic analysis. Whilst there have been significant efforts to
address the difficulties involved in the determination of polar metabolites the comprehensive profiling of
the polar metabolome remains problematic. The current review summarizes current approaches, ad-
vances and trends in the use of liquid chromatography/mass spectrometry as it attempts to address the
major instrumental and intellectual challenges involved in mapping the polar metabolome.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction: metabolomics and the polar metabolome

Metabolomics is focused on the analysis of the metabolites
found in biological samples such as plant or animal tissues, cells,
cell media, and biological fluids. These metabolites (molecular
masses typically less than 1000 Da), have a wide range of physi-
cochemical properties and are present in quantities ranging from
fmol to mmol, making global analysis difficult [1,2]. The perfect
method for metabolomics research would provide rapid analysis,
require minimal sample preparation, and offer unbiased results for
all of the metabolites contained in the sample, regardless of con-
centration or molecular properties [3]. Furthermore, the detection
system's high structural information content would allow the
identification of possible biomarkers. Currently, such methods do
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not exist and often several analyses are needed to maximize
metabolome coverage.

At the present time, liquid chromatography-mass spectrometry
(LC/MS), predominantly ultra (high) performance liquid chroma-
tography (U(H)PLC), is the most widely used approach for analysis
in metabolic phenotyping, giving high throughput and coverage of
metabolites over a wide range of classes and polarities [3], with
reversed-phase (RPLC) separations dominating applications. How-
ever, polar/ionic compounds (e.g., many carbohydrates, organic
acids, biogenic amines, saccharides, nucleotides and most amino
acids) are often poorly retained by RPLC. This represents a major
limitation as many important biochemical pathways, such as e.g.,
central carbon metabolism, are composed almost entirely of polar
metabolites. The poor retention of polar analytes in RPLC systems
means many compounds elute near the solvent front and this re-
sults in coelution, ion suppression and identification issues.
Because of such limitations other methods using e.g., hydrophilic
interaction chromatography (HILIC), ion-exchange LC (IEC),
aqueous normal phase chromatography (ANP), or “mixed-mode”
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

2D Two-Dimensional
AF Ammonium Formate
ANP Aqueous Normal-Phase
AX Anion-Exchange
Cap Capillary
CCS Collision Cross Section
CX Cation-Exchange
DEEMM Diethyl Ethoxymethylenemalonate
ESI Electrospray Ionization
FA Formic Acid
GC Gas Chromatography
HILIC Hydrophilic Interaction Liquid Chromatography
HRMS High-Resolution Mass Spectrometry
IEX Ion-Exchange Chromatography
IPC Ion-Pair Chromatography
IPR Ion-Pair Reagent
LC Liquid Chromatography
MetID Metabolite Identification

MMC Mixed-mode Chromatography
MRM Multiple Reaction Monitoring
MS Mass Spectrometry
MS/MS Tandem Mass Spectrometry
NFPA Nonafluoropentanoic Acid
NLS Neutral Loss Scan
PFPA Pentafluoropropionic Acid
RP Reversed-Phase
RPLC Reversed-Phase Liquid Chromatography
SAX Strong Anion-Exchange
SCX Strong Cation-Exchange
TBA Tributylamine
TCA Tricarboxylic Acid
TEA Triethylamine
TOF Time of Flight
UHPLC Ultrahigh Performance Liquid Chromatography
UPLC Ultra Performance Liquid Chromatography
WAX Weak Anion-Exchange
WCX Weak Cation-Exchange
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chromatography (MMC) have been investigated in order to provide
retention and thus resolution of polar analytes. These separations
can complement conventional RPLC analyses, or be combined into
two-dimensional (2D) configurations (e.g., 2D-RPLC/HILIC), and
provide an effective option for enhancing the separation power and
coverage of the metabolome for complex matrices. However, in-
novations in column technologies/stationary phases have intro-
duced increased options available for the chromatography of polar
metabolites and the current state of the art for such analytes as
applied to metabolic phenotyping is reviewed here.

2. LC/MS-based approaches

2.1. HILIC

HILIC is now well established as the LC mode most applied for
separating polar metabolites [4,5] and enables the analysis of many
polar metabolites that are difficult to analyse using RPLC. HILIC thus
represents an attractive complementary technique to RPLC.

Whilst a wide range of HILIC stationary phases are available
(including polymeric materials) silica and silica-based materials
dominate this mode of separation. Numerous ligands can be
bonded to silica to prepare new phases, depending on the prop-
erties of the analytes of interest; these modified phases are divided
into four groups, neutral (amide, diol, cyano, etc.), positively
charged (amino, imidazole, etc.), negatively charged (polyaspartic
acid, bare silica, etc.) and zwitterionic materials (sulfoalkylbetaine
or phosphorylcholine) [4e6]. The mobile phases commonly used in
HILIC separations are based on an organic solvent (>90%), most
often acetonitrile (ACN), and are modified with water, usually
containing buffer salts (ammonium formate, ammonium acetate,
5e20 mM). Buffer salts are important as they modify the pH and
ionic strength of the mobile phase thereby controlling analyte
retention behavior and peak shape. The separation of analytes is
usually via gradient elution, starting with a high percentage of
organic solvent and followed by a gradual increase in the propor-
tion of water (up to 40%). HILIC often requires long equilibration
times after a gradient run but isocratic elution is suitable for ana-
lytes with a small polarity range. Sample diluent is also important
for method performance and peak shape in HILIC. Overall, the
sample diluent should contain as much of the weaker mobile phase
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solvent as possible, but the widespread use of ACN in this role may
cause solubility issues.

Different HILIC materials, or combination of HILIC and RPLC
separations, have been applied in metabolomics studies [7e9].
Method development has often included systematic efforts aimed
at improving metabolome coverage, often using computational
methods to probe the complex data that can be generated [10,11]. In
general, the effective and fair comparison of chromatographic
performance in the analysis of a large number of molecules of
diverse physicochemical properties is not trivial and necessitates
innovative approaches, especially for the generation of descriptive
illustrations [10,11]. Such comparisons are performed either using
MS/MS detection on triple quadrupole/Qtrap instruments [10,11] or
using qTOF-MS in scanning mode [11,12]. Another perspective
offered, and not yet fully explored, is the comparison of the content
of biosamples e.g. cell culture vs blood plasma vs urine [11].

A typical targeted UHP-HILIC/MS application, performed on a
silica-based BEH amide column, aimed at the determination of
methylated amines and amino acids in human plasma/serum and
urine in order to investigate the effects of age, sex, diet, body
composition and physical activity is illustrated in Fig. 1 [13].

HILIC-MS has also been successfully applied to metabolically
profile foodstuffs [14] and samples, such as fermentation broths
[15]. In the last decade both targeted and untargeted methods have
been used to analyze fruit, vegetables, meat, eggs, milk, honey,
seafood, infant food, etc. for the determination of groups of me-
tabolites such as nucleosides and nucleotides in baby foods [16] as
well as sugars, organic acids and phenolic compounds in plant-
based foods, such as vegetables, fruit, juices, and wine, etc. [17e20].

A newly introduced HILIC phase is a zwitterionic UHPLC column
based on ethylene-bridged hybrid organic/inorganic (silica-based)
particles bonded with sulfobetaine groups. When this phase was
packed into columns treated to reduce analyte-metal interactions it
showed benefits for the analysis of phosphorylated molecules in
tissue extracts [21].

Although challenges remain HILIC is, as discussed further in
Section 3, the most popular method for the analysis of polar me-
tabolites and, when combined with RPLC, provides the simplest
method for obtaining a moderately comprehensive metabolic
profile of a sample.



Fig. 1. HILIC-LC/MS of spiked urine (left) and blood plasma (right) samples. Peak identities: a-AB ¼ a-aminobutyric acid; b-AiB ¼ b-aminoisobutyric acid; g-AB ¼ g-aminobutyric
acid; g-BB ¼ g-butyrobetaine; p-MeHis ¼ p-methylhistidine; t-MeHis ¼ t-methylhistidine; ADMA ¼ asymmetric dimethylarginine; Anser ¼ anserine; Arg ¼ arginine;
Carnos ¼ carnosine; Citr ¼ citrulline; DMA ¼ dimethylamine; DMG ¼ N,N-dimethylglycine; His ¼ histidine; HyPro ¼ hydroxyproline; MeArg ¼ N-methylarginine; MePro ¼ N-
methylproline; Pro ¼ proline; Sarc ¼ sarcosine; SDMA ¼ symmetric dimethylarginine; TMA ¼ trimethylamine; TMAO ¼ trimethylamine-N-oxide; Trig ¼ trigonelline. Conditions: A:
1:1 mixture of ACN and 50 Mm AF, H2O (pH3.2), B: ACN with 0.05% FA. Gradient: 0e3 min, 12e51.5% A; 3e4 min 51.5% A; 4e5.9 min 51.5e85% A; 5.9e9 min 85-12% A. Column:
HILIC BEH Amide (2.1 � 100 mm, 1.7 mm), Flow: 0.6 mL/min. MS type: QqQ. Reproduced from Ref. [13] with permission.
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2.2. RPLC with derivatization

RPLC-MS is arguably the most widespread separation technique
for metabolomic analysis, but clearly, its hydrophobic nature is not
the most suitable choice for the separation of polar metabolites.
Whilst adding salts, bases/acids to the mobile phase can improve
polar metabolite retention [22,23] many polar/ionic metabolites
remain poorly retained and a popular solution for this problem is to
use derivatization to modify polar groups. Additional advantages of
derivatization are higher m/z values, characteristic fragments and
often superior ionization efficiency (increasing MS sensitivity)
[24e26]. Amino acids have been popular targets for the LC-MS
analysis of e.g., human plasma [27] or rat urine [28]. Other impor-
tant classes, including short-chain fatty acids, bile acids and tryp-
tophan metabolites can be derivatized with 3-
nitrophenylhydrazine for UHPLC-MS/MS analysis [29]. Other
recent applications of derivatization include the use of butanolysis-
based derivatization of glycosaminoglycans [30] and dansylation
for the analysis of phenolic or aliphatic hydroxylated compounds
[31]. Derivatization has also been applied for neutral loss scans
(NLS) of fragments associated with the derivatization reagent. An
example is the use of diethyl ethoxymethylenemalonate (DEEMM)
to modify amines (e.g., Ref. [32] to identify amino acids and other
amines in an extract of Carduus nutans where the loss of 46 amu
was diagnostic of a derivatized amine. Chromatograms obtained
with and without derivatization are shown in Fig. 2.

Overall, pre-column derivatization is a useful tool for modifying
the properties of metabolites that are difficult to retain by RPLC.
Many varieties of derivatizing reagents are commercially available,
specific for many functional groups, for use in metabolic pheno-
typing. However, derivatization, especially in biological matrices,
whether pre or post-column, should be thoroughly studied and
optimized. Derivatization may lead to quantification errors due to
differences in reaction kinetics of the different metabolite classes,
and be affected by the presence of multiple derivatizeable groups
on the same analyte leading to several different dertivatives in
variable amounts. The formation of unstable derivatives, with non-
reproducible yields, must also be considered and investigated.
3

However, in the minds of many analysts faced with the problems of
profiling polar metabolites the advantages offered by RPLC with
derivatization (improved retention, specificity and ionization, etc.),
may compensate for all of these disadvantages.

2.3. Ionic interaction LC (IPC and IEX)

2.3.1. IPC
IPC is particularly useful for polar ionic metabolites e.g., nucle-

otides and phosphorylated sugars, particularly those that interact
with metal surfaces in LC systems causing peak tailing and poor
analysis. IPC enhances the separation of polar ionic compounds
through the ion-pairing reagent (IPR) masking the ionizable group
on the analyte, thereby facilitating hydrophobic interactions with
the RPLC stationary phase. Volatile alkylamines, such as tributyl-
amine (TBA) [33,34], hexylamine [35] and triethylamine (TEA), are
themost common ion-pairing reagents and have been usedwith RP
or porous graphitic carbon columns for the analysis of “problem-
atic” polar acidic compounds (e.g., metabolites involved in central
carbon metabolism, glycolysis, pentose phosphate pathways and
the TCA cycle, etc).

For the analysis of positively charged metabolites, IPC methods
using volatile perfluorinated acids have been employed [37,38],
including nonafluoropentanoic acid (NFPA), pentafluoropropionic
acid (PFPA), and heptafluorobutyric acid (HFBA) [36]. An example of
this approach for the analysis of amino acids and related com-
pounds in different matrices is a targeted IPC-MS method where
HFBAwas used in the quantification of 33 amino acids and biogenic
amines in human urine for a study of tacrolimus nephrotoxicity
[36], as presented in Fig. 3. Hexylamine has also been successfully
used as an IPR for the analysis of coenzyme A esters, sugar nucle-
otides, and sugar bisphosphates [39].

However, whilst very useful chromatographically, IPC-MS suf-
fers from the major limitation of system and source contamination,
which effectively means that an instrument must be dedicated to
its use/mode of ionization (þve or -ve modes ESI) only. Also, ion
suppression and adduct formation can adversely affect the useful-
ness of these methods and probably, for such reasons, IPC has had



Fig. 2. RPLC-MS of extracts with (red) and without (black) derivatization with 1 e hydroxylamine derivative, 2 e histidine, 3 e m/z 282, 4 e arginine, 5 e m/z 365, 6 e asparagine, 7
e glutamine, 8 e serine, 9 e m/z 258.9, 10 e aspartic acid, 11 e m/z 232, 12 e m/z 188 (from blank), 13 e threonine, 14 e m/z 259.9, 15 e g-aminobutyric acid, 16 e alanine, 17 e

proline, 18 e m/z 274, 19 e m/z 288, 20 e tyrosine, 21 e m/z 274, 22 e m/z 324, 23 e m/z 242, 24 e valine, 25 e tyramine, 26 e tryptophan, 27 e ornithine, 28 e phenylalanine, 29 e

isoleucine, 30 e leucine, 31 e lysine, 32 e putrescine, 33 e phenylethylamine, 34 em/z 353. Only compounds identified against an authentic standard are listed. Conditions: A: H2O,
0.1% FA., B: ACN. Gradient: 0e2 min, 10% B; 2e27 min, 10e100% B; 27e29 min, 100% B; 29e31 min, 100e10% B; Column: Zorbax Eclipse Plus C18 (3.0 � 100 mm, 1.8 mm). Flow:
0.50 mL/min. MS type: QqQ. Reproduced from Ref. [32] with permission.
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limited take-up by the metabolomics community.

2.3.2. IEX/IC
Ion-exchange chromatography (IEX) or ion-chromatography

(IC) represents another alternative for the separation of polar
ionic metabolites. Retention in IEX is based on ionic interactions
and adsorption and is well suited to hydrophilic polar molecules
whilst any solubility issues are minimized by the aqueous mobile
phases used. IEX stationary phases include both polymeric and
silica-based materials, with the former being stable over a wide pH
range [40].

IEX-MS has been applied for global profiling or quantification of
metabolites involved in pathways such as glycolysis, Calvin cycle,
plant cell wall biosynthesis, and the TCA cycle [41e44]. Capillary
IEX has also been coupled to HRMS for enhanced sensitivity in
metabolomics [43]. The ability of IEX to separate isomeric species,
such as glucose 1-phosphate, glucose 6-phosphate and fructose 6-
phosphate; citric and isocitric acid; cis-aconitate and trans-aconi-
tate; fructose-1,6-diphosphate and fructose-2,6-diphosphate,
which are unresolved by HILIC, is illustrated in Fig. 4.

The limitations of IEX are that the ionic interactions that govern
the analyte retention can require high-concentration buffers for
analyte elution and this is not easily compatible with ESI. Addi-
tionally, IEX provides relatively poor kinetic performance (low peak
capacity can be attained compared to RPLC). It is perhaps for these
reasons that, like IPC, IEX/IC applications in metabolomics have
been limited.

2.4. Mixed-mode and 2D-LC

2.4.1. MMC
Mixed-mode, or multimode chromatography (MMC), offers the

ability to separate a wide range of metabolites, including polar and
charged molecules in a single analysis. MMC improves separation
power by effectively using different approaches, such as the
connection of two columns with different separation modes, the
mixing of two stationary phases in a column or the use of a single
4

mixed-mode stationary phase based on the chemical synthesis of
new stationary phases with different functional groups. MMC can
be performed on RP/anion-exchange (AX), RP/cation-exchange
(CX), HILIC/AX, and HILIC/CX bimodal phases, as well as RP/AX/
CX and HILIC/AX/CX trimodal materials columns thereby retaining
both hydrophobic metabolites via RP and ionized analytes by ion-
exchange mechanisms. Depending on mobile phase pH, the func-
tional groups in mixed-mode columns and ionic analytes may be
ionized or not [45]. Ion-exchangers are classified as strong or weak
anion or cation exchangers (SAX, SCX, WAX, SCX, respectively) and
RPLC, RPLC/IEX has the advantage over RPLC of providing separa-
tions for both non- and highly polar compounds [46]. Thus, a recent
comparison of mixed-mode RP/IEC versus RPLC showed increased
retention of highly polar sarin-related metabolites by MMC [47]
and recently an RP-AX separation on a CSH Phenyl-Hexyl column
was used to analyze tricarboxylic acid cycle metabolites, etc.,
including even isobaric compounds, such as isocitric acid and citric
acid, as well as malic and fumaric acids, without either ion-pairing
reagents or other mobile phase additives (Fig. 5) [48]. The column
was modified with a hybrid organic-inorganic surface that reduced
analyte-metal interactions, improving both MS data quality and
increasing analyte recovery, particularly for phosphorylated
metabolites.

Combining HILIC partition with IEX mechanisms, mixed-mode
stationary phases with a long-alkyl chain ligand and a hydrophil-
ic polar terminal ion-exchange group (bonded on the silica gel
support), has resulted in improved separation selectivity for many
polar compounds. For example, HILIC/IEC showed improved peak
shape and resolution compared to previously reported HILIC
methods for 23 underivatized amino acids [49].

A single mixed-mode column, or two columns connected in
series, will generally achieve similar performance to two single-
mode columns whilst reducing solvent waste, sample and mate-
rial consumption. As an example, an in-line two-column IEX-RPLC
approach has been developed for the simultaneous determination
of amino acids, acylcarnitines, and organic acids in human plasma
and urine [50]. This approach also combined ionization in both



Fig. 3. Ion chromatogram showing MRM transitions on 33 amino acids and biogenic amines in a 13 min IPC-MS/MS run. Conditions: A: H2O 0.2% FA and 0.02% HFBA. B: MeOH.
Gradient: 0e6 min, 2e5%; B, 6e9 min, 5e20% B; 9e12 min, 20e80% B; 12e13 min, 80e100% B. Column: Zorbax SB-C18 column (3.0 � 150 mm, 5 mm). Flow: 0.4 mL/min.
Reproduced from Ref. [36] with permission.
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polarities in MS. Furthermore, newly developed mixed-mode col-
umns can also be used for both RP-type separations and HILIC for
neutral polar molecules [51]. These RP/ZWIX phases have obvious
potential application areas for polar metabolite analysis. Also,
recently, a unified-HILIC/AEX/MS method that provided greater
coverage for polar metabolite analysis than conventional HILIC/MS
methods, in both targeted and nontargetedmetabolomics, has been
described [52].

In addition to biofluids, MMC/MS has also applications in plant/
food analysis including the analysis of analytes, such as glycer-
ophospholipids in tobacco [53].

Mixed-mode phases clearly offer flexibility in retention and
selectivity adjustment and provide interesting new possibilities for
the simultaneous LC/MS analysis of polar endogenous metabolites.
2.4.2. 2D-LC
2D-LC often offers increased peak capacity and metabolome

coverage compared to single-column analysis [54]. 2D-LC can
either a) be based on a simple single heart-cut (LC-LC) or 2) be fully
comprehensive (LC � LC). The major difference between these
modes is the process by which fractions from the first dimension
(1D) eluent are transferred to the second dimension (2D) column.
Whilst offering improved separations 2D-LC can be technically
demanding, as the development and optimization of such methods
involves finding the optimal and the most compatible conditions
5

between the two dimensions. Thus, the optimal mobile phase for
one dimension limits compatibility with that of the other.

Applications of 2D-LC in metabolomics have been made to tar-
geted, or pseudo-targeted, analyses taking advantage of improved
LC resolution [55]. For untargeted analysis data treatment (mainly
peak alignment) remain challenging and although 2D-LC for
metabolomics was described over a decade ago [56] its use remains
limited to a few expert groups engaged in biological [57e60] or
plant/food [61e64] applications. 2D-LC/MS for metabolomics has
been comprehensively reviewed [65] but needs further techno-
logical improvements before finding wider metabolic applications.
3. Current Trends in Polar Metabolome Analysis by LC/MS

LC-MS-based metabolomics has been employed for over 2 de-
cades and applications are still increasing. In Fig. 6 the trends for
publications on the polar metabolome using HILIC, ion pair and
derivatization with RPLC are shown. The search, performed in
Scopus (April 2022), used these terms connected with AND
metabolomics AND LC-MS in the Abstract, Title and Keywords.
Manual inspection was subsequently performed to remove irrele-
vant works e.g., removing those describing GC-MS-derivatization
but with LC in the abstract and thus erroneously identified by
Scopus.

This plot is not a systematic review and we do not claim that it



Fig. 4. Separation of 21 metabolites 600 ppb by Cap IC (A), 60 ppt by Cap IC (B), and 600 ppb by HILIC (C). Injection volume of 5 mL. Standard mixture for IC was diluted in H2O and
for HILIC was diluted in ACN/H2O (3:1, v/v). Key: 1 D-glucose, 2 mevalonate, 3 lactate, 4 uridine, 5 a-D-glucose 1-phosphate, 6 a-D-glucose 6-phosphate, 7 D-fructose 6-phosphate, 8
adenosine 30-50-cyclic monophosphate (cAMP), 9 tartrate, 10 2-oxoglutarate, 11 adenosine 50-monophosphate (AMP), 12 2-phosphoglycerate, 13 citrate, 14 isocitrate, 15 cis-aco-
nitate, 16 trans-aconitate, 17 phosphoenolpyruvate, 18 D-fructose-1,6-diphosphate, 19 D-fructose-2,6-diphosphate, 20 dihydroxy acetone-phosphate, 21 inosine 50-monophosphate
(IMP). Reproduced from Ref. [43] with permission.

A. Lioupi, M. Marinaki, C. Virgiliou et al. Trends in Analytical Chemistry 161 (2023) 117014

6



Fig. 5. A mixed mode separation showing the resolution of critical pairs of polar
organic acids. Isocitric and citric acids (A), methylmalonic and succinic acids (B), ita-
conic, 2-hydroxyglutaric, and cis-aconitic acids (C), malic and fumaric acids (D). Con-
ditions: A: H2O, 0.1% FA., B: ACN, 0.1% F.A. Gradient: 0e4.0 min, 0e25% B; 7.0e8.0 min,
95% B; 8.0e10.0 min, 0% B. Column: CSH Phenyl-Hexyl (2.1 � 100 mm, 1.7 mm). Flow:
0.40 mL/min. Reproduced from Ref. [48] with permission.
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provides the absolute numbers of publications (so, possibly publi-
cations were not found even though they used e.g., HILIC-MS but
did not report this in the title/abstract/keywords, etc., but only in
the full text or the supplementary information). However, Fig. 6
provides a useful “snapshot” of the evolving trends for polar
metabolome analysis and shows the relative importance of the
major approaches currently used. Importantly, it is evident that the
Fig. 6. Plot of publications/year found using the search terms “metabolomics” AND “LC-MS
2022) using Abstract, Title and Keywords.
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numbers are increasing for all approaches with an almost tenfold
increase in publications since 2008. Also, it is evident that whilst
HILIC continues to be the major platform for this, derivatization is
still popular for metabolome analysis. Other chromatographic ap-
proaches e.g., ANP and IEC, are less widely applicable than HILIC for
high throughput metabolomic studies due to compatibility issues
with MS and ESI, caused by the solvents and additives used.

The adoption of better resolution separationmethods is a crucial
area for future improvement in polar metabolome profiling.
Capillary (Cap) LC and the recent advances in UPLC and UHPLC
stationary phases and columns technology discussed above are
increasingly widely adopted alternatives to conventional HPLC that
offer superior resolution. Along with this strategy of using columns
providing greater chromatographic efficieny, methods using so-
called “2-dimensional” LC separations, offer a way to broaden the
coverage of the polar metabolome [66]. Current trends in liquid
chromatography also include nano-LC columns that provide
enhanced sensitivity and significantly reduced solvent consump-
tion. Particularly for the study of extremely polar compounds, new
column technologies, such as specifically treated phases and ma-
terials (HPLC and UHPLC), are regularly being introduced offering
increased chromatographic efficiency and selectivity. Recent ap-
plications include HILIC-based microbore columns (1.0 mm i.d.),
with rapid separations (3.3 min) and high mobile phase linear ve-
locities, in combination with high-resolution mass spectrometers
for high-throughput endogenous metabolic profiling of polar me-
tabolites [67]. In addition, innovative materials featuring micro-
chips, particularly pillar array columns, are attracting interest for
in-field or real-time analysis (although as yet there are no pub-
lished applications of these emerging technologies for
metabolomics).

Another promising alternative technique for polar metabolome
analysis, which, although not the focus of this review merits
mention is supercritical fluid chromatography (SFC). With the
availability of a new generation of equipment, this approach has
once more attracted attention (reviewed in Ref. [68]. SFC has also
benefited from advancements in column chemistry (including the
” AND (“HILIC” OR “ion pair” OR “derivatization”). Search performed in Scopus (April
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use of sub-2 m particles) specifically designed for SFC and appli-
cable to polar metabolme analysis [69]. This has allowed the
analysis of a wide variety of polar metabolites including carbohy-
drates, amino acids and nucleosides [68]. For a recent commentary
on the current state of the art in SFC and its future prospect see the
recent review by Si-Hung and Bamba [70].

Of couse methods for analysing the polar metabolome face the
same general problems as the rest of the field with data analysis
proving especially challenging by both targeted and untargeted
profiling. Similarly, attempting tomerge data acquired with various
experimental configurations (e.g. HILICeMS and RPLCeMS; APCI-
MS and ESI-MS) is incredibly difficult, if not downright imprac-
tical. Methods for this task still need to be developed but require
high-quality data from consistent sample sets and carefully
thought-out trials [71]. However this is done, the task of metabolite
identification (MetID) is still a major challenge in LC-MS-based
metabolomics studies. The most promising approaches for MetID
will require a combination of high-resolution MS (HRMS), MS/MS
analysis, probably with ion mobility to provide improved spectral
quality and collision cross section (CCS) data and contemporary
bioinformatics technologies [72]. In this aspect the study and
generation of spectral libraries via the LC-MS of reference standards
is of utmost importance and is, in the authors opinion, worth the
effort needed [73]. Last but not least, sample preparationmay prove
critical and necessitate investigation, especially in targeted modes,
for certain analytes, either due to their polarity, which may limit
applicability of extraction methods and materials [74], or due to
analyte instability [75].

4. Conclusions

The analysis of the polar metabolome using LC-MS-based
methods represents one of several major challenges for metabolic
phenotyping. HILIC represents a good basic platform for many
types of polar metabolites and, although it is not a panacea, in the
medium term it will remain the first choice for these analytes.
Other methods show promise and offer complementary views of
the metabolome for analytes that are not amenable to RPLC or
HILIC. Derivatization remains an important approach, particularly
for targeted metabolomics, and it is likely that this will continue.
IPC is also a useful approach but in practice requires an LC/MS
system to be dedicated to its use, in a single ESI polarity. The
analysis of the polar metabolome is becoming an increasing focus
for researchers engaged in metabolic phenotyping and we also see
increased awareness of this need interest from column manufac-
turers through the development of mixed-mode approaches that
may address some of the issues hindering this segment of meta-
bolic profiling.
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