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A B S T R A C T   

Chromatography is a robust and reliable separation method that can use various stationary phases to separate 
complex mixtures commonly seen in metabolomics. This review examines the types of chromatography and 
stationary phases that have been used in targeted or untargeted metabolomics with methods such as mass 
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy. General considerations for sample 
pretreatment and separations in metabolomics are considered, along with the various supports and separation 
formats for chromatography that have been used in such work. The types of liquid chromatography (LC) that 
have been most extensively used in metabolomics will be examined, such as reversed-phase liquid chromatog
raphy and hydrophilic liquid interaction chromatography. In addition, other forms of LC that have been used in 
more limited applications for metabolomics (e.g., ion-exchange, size-exclusion, and affinity methods) will be 
discussed to illustrate how these techniques may be utilized for new and future research in this field. Multidi
mensional LC methods are also discussed, as well as the use of gas chromatography and supercritical fluid 
chromatography in metabolomics. In addition, the roles of chromatography in NMR- vs. MS-based metabolomics 
are considered. Applications are given within the field of metabolomics for each type of chromatography, along 
with potential advantages or limitations of these separation methods.   

1. Introduction 

Metabolomics is a field that involves the analysis of a metabolome, or 
a collection of low-mass compounds (typical mass, <1500 g/mol) that 
are produced through metabolic processes in a biological system [1–6]. 
Metabolites have diverse physical and chemical structures. Examples of 
structural classes of metabolites include small peptides, steroids, vita
mins, carbohydrates, lipids, fatty acids, amino acids, and organic acids 
[1–9]. Many of these metabolites are the intermediates or end products 
of enzymatic reactions in biological systems and can be found in cells or 
tissues and complex biological fluids such as blood, urine, saliva, or 
cerebrospinal fluid [1–9]. 

Use of the term “metabolomics” began in the late 1990s [10–12]. 
Work in this field has grown significantly over the last few decades 
[2–8]. This growth is demonstrated in Fig. 1, which shows the number of 
publications that have appeared and included the terms “chromatog
raphy” plus “metabolomics” or “metabolites” between the years 2000 
and 2022. As this figure indicates, chromatography has long been an 
important tool for the separation and analysis of metabolites (e.g., in 

drug metabolism studies) and, as a result, has also been a key component 
in much of the work conducted in metabolomics [3,8]. In addition, the 
rapid growth in metabolomics over the last 20 years reflects the many 
areas that have been impacted by this field [13]. For instance, metab
olomics has been used for drug discovery and development [14–16] and 
the detection or analysis of disease biomarkers [17,18]. Metabolomics 
has further been utilized as a tool in nutritional studies [19,20], animal 
breeding [21], plant biology [22], and characterization of the effects of 
various environmental factors on human health [15,23–27]. 

There are two major experimental approaches in metabolomics: 
targeted and untargeted methods [7,8,28,29]. Untargeted metab
olomics, or global metabolomics, is based on a top-down strategy that 
ideally provides a comprehensive, unbiased analysis of all the metabo
lites in a biological sample [13,30]. This method is typically used in 
discovery-based research. The information that is obtained in untar
geted metabolomics is used to compare patterns or fingerprints of me
tabolites, such as found in normal systems vs those that have been 
modified in response to an abnormal biological process, exposure to a 
drug, or a change due to genetic alterations in a biological system [31]. 
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Untargeted metabolomics has also been used to help identify metabo
lites that may act as biomarkers for disease states [16,32–35]. However, 
this approach can be challenging because of the time required to process 
the complex data that is generated, the need for adequate coverage of 
the metabolites in a system, and the requirement for accurate and 
reproducible measurements for many types of metabolites [27,36,37]. 
Targeted metabolomics is an alternative approach that is used to 
investigate a specific set of metabolites with related pathways of interest 
[7,28,38]. The emphasis on a given set of metabolites allows for better 
detection and absolute quantification of these compounds, as well as for 
more reproducible and stable conditions for data analysis. However, 
targeted metabolomics cannot detect unknown compounds and is 
generally used for only a limited number of metabolites [7,8,28,38]. 

One challenge in metabolomics is the diverse range of structures, 
properties, and concentrations that may occur for metabolites in bio
logical samples [5,39,40]. At present, there is no single analytical 
method that can identify and detect the many types and levels of me
tabolites that may occur in living systems [41–51]. Instead, such work 
typically involves a combination of chromatography or a related sepa
ration method (e.g., extractions) with a second analytical technique, 
which is usually nuclear magnetic resonance (NMR) spectroscopy or 
mass spectrometry (MS) [4–6,52–61]. NMR has been used in just under a 
third of recent publications in metabolomics, with MS being employed 
in around 70 % of these reports [5,56]. In addition, some of these studies 
have used both NMR and MS [6,54,62,63]. 

Both NMR and MS have advantages and disadvantages when they are 
applied to metabolomics [6–9,28,29,57,61]. Advantages of utilizing 
NMR are the variety of information it can provide on compound struc
ture, its good reproducibility, its relatively straightforward use for 
compound quantitation (e.g., without the need for derivatization or 
calibration), its ability to work with metabolites that are not readily 
ionizable, and its need for only minimal sample manipulation [54]. 

These features have allowed NMR to often be used with only extractions 
or simple pretreatment steps besides chromatography; however, chro
matography has also been used in a growing subset of this work, as is 
indicated in Fig. 2. In addition, hybrid methods such as liquid 
chromatography-NMR (LC-NMR) and LC-NMR-MS have been used for 
some research in metabolomics [54,57,62,63]. A key disadvantage of 
NMR is its sensitivity, which tends to limit this method in metabolomics 
to the study of relatively abundant metabolites (i.e., those with con
centrations >1 μM) [5]. The highly complex spectra and large amount of 
information provided by both NMR and MS (e.g., in LC-MS) can also 
make it time consuming and challenging to process such data for the 
accurate identification and annotation of metabolites. 

An advantage of MS is its higher sensitivity than NMR for detecting 
low-concentration metabolites [6–9,28,29,57]. The mass information 
that is provided by MS is also valuable in identifying compounds and in 
monitoring specific metabolites at low levels in biological matrices 
[28,29,41,42]. A possible limitation of MS when used in metabolomics is 
a general requirement for LC, gas chromatography (GC), or a related 
separation method [28,41,54,56,57,64–69]. This need is demonstrated 
in Fig. 2 by the large number of reports that have combined mass 
spectrometry with chromatography for metabolomics. The use of chro
matography makes it possible for MS to distinguish and examine the 
many compounds that occur over a relatively narrow mass range in the 
metabolome [70] and to avoid effects by matrix components on ioni
zation suppression [45]. 

Matrix effects can be an issue with both NMR and MS. The complex 
biological samples examined in metabolomics often require some level 
of pretreatment to minimize interferences from the sample matrix 
[5,28,40,41,43,45,52,53,57–59,71–73]. This often requires at least an 
extraction or separation step followed by filtration or centrifugation to 
remove cell/tissue debris and precipitated biomolecules. Again, more 
advanced separation or chromatographic techniques are typically 

Fig. 1. Number of publications which included the terms “chromatography” and “metabolomics” or “metabolites” (inset) and which were published between 2000 
and 2022. These results were obtained from searches conducted on the Web of Science in September 2023. 
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necessary for MS in metabolomics studies to enable reliable metabolite 
detection and annotation [45,64–69]. Although the application of 
direct-infusion MS methods to metabolomics has been reported [74,75], 
the use of direct-infusion vs. chromatography with MS for metabolomics 
is still a topic of debate in this field [76,77]. 

This review will examine the types of chromatography that have 
been used for sample separations or pretreatment in the field of 
metabolomics over the last two decades. A discussion will first be pre
sented on how the different modes of LC have been employed and 
combined with techniques such as MS or NMR for metabolomics. This 
will include LC methods that are commonly used in metabolomics, such 
as reversed-phase liquid chromatography (RPLC) and hydrophilic liquid 
interaction chromatography (HILIC). In addition, other LC techniques 
will be discussed that have been used on a more limited basis but that 
may provide new opportunities for future research in this field. The use 
of methods such as GC, supercritical fluid chromatography (SFC), and 
planar chromatography will also be considered. Examples of applica
tions will be provided for each of these techniques, along with a dis
cussion of their potential advantages or limitations when employed in 
metabolomics. 

2. General considerations in sample pretreatment for 
metabolomics 

Sample pretreatment is often a key component in the workflow of an 
analytical method for metabolomics [16,46–49,60]. This step may 
involve sample clean-up, target enrichment, or analyte pre- 
concentration to enhance the analysis of metabolites. A good sample 
pretreatment plan can minimize matrix effects, remove interfering 
compounds, and/or convert the metabolites of interest into a medium 
that is compatible with the methods of analysis that will be used to 

examine the sample’s contents [45,47–49]. Although sample pretreat
ment and preliminary separations are often required in metabolomic 
studies, these steps can produce errors in such work (e.g., through the 
creation of variations in MS ionization) [46–51]. In addition, some forms 
of sample pretreatment can be tedious and time-consuming to perform 
[16]. 

One factor to consider in sample pretreatment is whether the final 
analysis is to be used for untargeted vs. targeted metabolomics 
[35,46,78–80]. In untargeted metabolomics, the goal is to obtain a 
broad coverage of metabolites while reducing or eliminating loss of any 
compound; thus, only minimal sample pretreatment is desirable [31]. 
The sample preparation steps in this case should allow the recovery of a 
broad range of metabolites while also discarding biomolecules and 
sample debris [81,82]. Solvent extraction techniques often applied in 
metabolomics include the use of only water, 1:1 v/v water:methanol, or 
a Folch extraction consisting of a 3:4:8 v/v water:methanol:chloroform 
mixture [83,84]. It is also common to combine multiple separation steps 
and solvent conditions because two or three such steps may be necessary 
to maximize the recovery of all detectable metabolites [81–84]. In tar
geted metabolomics a more elaborate sample separation or pretreatment 
scheme may be needed, as the focus is instead on the analysis of only a 
given set of metabolites [35,46,78–80]. 

It is important that the pretreatment steps used in metabolomics 
provide a stable sample for analysis (e.g., by quenching or removing 
enzymes that may alter the metabolites) and give a homogeneous 
sample for analysis that is an accurate representation of the relative 
levels and forms of the metabolites in their original matrix [60,85–88]. 
In addition, it is desirable to have a high rate of recovery of the desired 
metabolites with few interferences from other sample components. 
Proteins are examples of agents that may lead to significant in
terferences in metabolomics if they are not removed by sample 

Fig. 2. Number of publications which included the terms “chromatography” and “metabolomics” plus “mass spectrometry” or “NMR” (inset) and which were 
published between 2000 and 2022. These results were obtained from searches conducted on the Web of Science in September 2023. 
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pretreatment [58,89–92]. For instance, proteins and other matrix com
ponents can alter the level of ionization and/or the overall apparent 
concentration of metabolites (i.e., total vs. bound forms) during the use 
of LC with MS [35,46,54,56,78–80]. Proteins and sample components 
such as lipids can also affect spectral quality in NMR by producing broad 
background signals or additional peaks that may interfere in the 
detection and identification of metabolites [6,58,90–93]. 

3. Chromatographic supports and separation formats for 
metabolomics 

Various supports and separation formats for chromatography have 
been employed for metabolomics. This is especially true for LC, the most 
common chromatographic method used in metabolomics. Early reports 
in metabolomics employed LC in a planar form by employing the 
method of thin-layer chromatography (TLC) [1,4,10–12,94,95]. The 
advantages of TLC are its ability to process several samples simulta
neously, its low cost, and the relative ease with which it can be com
bined with other separation methods for multidimensional separations 
[96–99]. Early work in metabolomics utilized two-dimensional (2D) 
TLC to characterize metabolites in microorganisms and to study how 
variations in the concentrations of these metabolites affected cellular 
activity [1,4,10–12]. Several more recent studies have used TLC or high- 

performance TLC (or HPTLC) with imaging based on matrix-assisted 
laser desorption/ionization (MALDI) and MS for lipidomics (i.e., a 
field closely related to metabolomics) [100–105]. Examples include the 
use of HPTLC with imaging based on MS to examine phospholipids in 
ovine bone marrow mesenchymal stem cells [102] and the use of TLC 
with imaging MS to profile extracted lipids from various portions of the 
human brain (see Fig. 3) [103]. HPTLC has also been employed with MS 
to monitor individual classes of lipids in human plasma [104] and lipids 
such as fatty acids, cholesterol, sphingolipids, and glycerophospholipids 
that were extracted from porcine brain [105]. 

The employment of LC as an on-line component in analytical 
methods for metabolomics is typically done by using packed columns in 
the methods of high-performance liquid chromatography (HPLC) or 
ultra-high-performance liquid chromatography (UHPLC, which is also 
referred to as ultra-performance liquid chromatography or UPLC) 
[66,69,106–128]. A few metabolomic studies using LC have also 
employed monolithic supports [129–131]. Modern HPLC columns are 
operated at pressures up to 5000–6000 psi and are typically packed with 
3.5–5 μm diameter particles [41,97]. UHPLC is a subset of HPLC that 
uses smaller diameter particles (i.e., less than 2 μm) and even higher 
operating pressures (i.e., 17,400 psi) [97,124]. UHPLC has seen 
increasing use in metabolomics because it can provide a higher 
throughput with better resolution and sensitivity than conventional 

Fig. 3. (a) Separation of lipids from brain tissues by TLC, with visualization based on staining with primuline, and (b) mass spectra obtained for selected regions on 
the TLC plate, as illustrated here with spots obtained for phosphotidylcholine (PC) and sphingomyelin (SM). Other spots on this plate are for galactosylceramide 
(GalCer), sulfatide, phosphotidylethanolamine (PE), phosphotidylinositol (PI), and phosphotidylserine (PS). The four lanes in (a) represent results obtained with lipid 
extracts for the following regions of the human brain: (1) gray matter of the inferior frontal gyrus, (2) gray matter of the hippocampus, (3) white matter of the inferior 
frontal gyrus, and (4) white matter of hippocampus. This figure is reproduced from Ref. [103] with permission (Elsevier). 
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HPLC [125–127,132–136]. For instance, UHPLC gave a three-fold 
improvement in speed and an increase in signal-to-noise ratio for most 
of the examined compounds when both HPLC and UHPLC were used 
with MS, under comparable flow rate and mobile phase conditions, to 
analyze soy isoflavones or tamoxifen plus their corresponding metabo
lites [126]. This increase in sample throughput can be valuable for large- 
scale metabolomics studies, which can be comprised of hundreds to 
thousands of samples [137–139]. 

Current estimates suggest the metabolome is comprised of more than 
270,000 compounds with a diverse set of chemical and physical prop
erties [140]. At the simplest classification level, metabolites and lipids 
can be grouped into either polar or non-polar classes, which dictates the 
types of solvents and LC supports that are needed for the desired targets. 
This chemical complexity often leads to the use of several types of 
chromatographic separations [141–146], which is frequently referred to 
as a multidimensional separation method. Both 2D LC and GC have been 
utilized by the metabolomics community [99,147–150]. A single chro
matographic method is insufficient for obtaining complete coverage of 
the metabolome. Instead, multidimensional separations (e.g., based on 
LC) are commonly employed to increase the coverage of the metabolome 
and to account for the range of metabolites that can be present and 
which can vary widely in terms of their polarities and chemical classes 
[141,142]. 

A multidimensional chromatographic method can be created by 
combining two or more separate chromatographic steps either off-line or 
on-line with one another. A common example in the use of LC for 
metabolomics is the combination of RPLC with HILIC 
[120–122,151–158]. An off-line approach can be relatively simple to 
develop; however, this approach will probably also involve many 
manual sample manipulations and transfer steps, leading to a long 
overall analysis time [159]. One way two chromatographic methods can 
be combined on-line is to use a precolumn for the first separation step. 
The components eluting from this first column are then transferred 
directly to a second, analytical column for further separation [160]. This 
on-line combination of columns can be helpful for automated sample 
pretreatment and untargeted metabolomics [141,160–166]. A major 
obstacle to the routine implementation of multidimensional chromato
graphic methods or multiple, distinct column types is throughput when 
the study size reaches thousands or more samples [99,137–139,150]. 
Practical considerations such as cost and experience also need to be 
considered when using multidimensional methods. 

4. Types of liquid chromatography (LC) used in metabolomics 

Methods in LC are often categorized in terms of the general type of 
stationary phase employed and the mechanism of separation provided 
by this stationary phase. As demonstrated by Fig. 4, the two main types 
of LC used for metabolomics are RPLC and HILIC [97,167,168]. How
ever, other categories of LC have also been used in metabolomics for 
sample preparation or analysis. These other LC methods include ion- 
exchange chromatography (IEC), size-exclusion chromatography 
(SEC), normal-phase liquid chromatography (NPLC, of which HILIC is a 
subset), adsorption chromatography, and affinity chromatography (AC) 
[97,98]. In addition, there are some LC methods that combine several of 
these separation modes within a single column or as part of a multidi
mensional separation scheme. The following section will examine each 
of these forms of LC and the ways they have been employed in 
metabolomics. 

4.1. Partition chromatography and related methods 

4.1.1. Reversed-phase liquid chromatography (RPLC) 
RPLC (also known as reversed-phase chromatography) is the most 

common form of LC that has been used in metabolomics [97,167–169]. 
This is demonstrated in Fig. 4 by the number of reports that have used 
RPLC when compared to other types of LC. RPLC is a type of partition 

chromatography that separates compounds based on polarity and by 
employing a non-polar stationary phase, such as octyl (C8) or octadecyl 
(C18) groups [95–97,169,170]. The fact that water is a weak mobile 
phase in RPLC has made this method particularly appealing for sepa
rating and analyzing targets such as metabolites in biological specimens 
and in aqueous samples [96–98]. 

RPLC has been used in both targeted and untargeted metabolomics 
and is often combined with MS [41]. RPLC and RPLC-MS may be done as 
part of a system that employs either HPLC or UHPLC [41,124–127]. 
RPLC is a key tool for metabolomics because it works easily with 
aqueous samples and separates chemicals based on the general property 
of polarity [97,98]. A few examples of the many classes of metabolites 
that have been resolved and examined by RPLC include amino acids, 
carbohydrates, lipids, organic acids, nucleotides, peptides, and vitamins 
[97]. Specific examples of compounds that have been separated by RPLC 
for metabolomics include triglycerides, cholesterol esters, sphingo
myelins, phosphatidylcholines, diacylglycerols, phosphatidylethanol
amines, fatty acids, and eicosanoid [79]. Metabolites and compounds 
with low polarity will show the highest retention. In contrast, com
pounds with high polarity (e.g., sugars and amino acids) may be only 
weakly retained and even require derivatization to increase their 
retention time on a column for RPLC [97]. 

RPLC has also been used in metabolomics for sample pretreatment. 
Examples are the use of C18 columns or pre-columns for the extraction of 
steroids and neurosteroids from several types of biological samples 
[171–173] and the isolation of various classes of metabolites from urine 
[174,175]. For instance, a C18 column has been used to extract and 

Fig. 4. Relative number of publications containing the term “metabolomics” 
plus one of the following descriptors for a given type of LC: “reversed-phase 
chromatography” (RPLC); “HILIC” (hydrophilic interaction liquid chromatog
raphy); “normal-phase chromatography” (NPLC), not including HILIC; “size- 
exclusion chromatography” (SEC); “ion-exchange chromatography” (IEC); 
“adsorption” chromatography (“silica”-based); and “affinity chromatography” 
(AC). These results were obtained from searches conducted on the Web of 
Science in September 2023. There is a total of 2,476 papers that are represented 
in this plot. The number of papers listed for RPLC are likely a low estimate, as 
many reports in metabolomics use the more generic term LC-MS when RPLC is 
used as a separation method with MS. 

S.T. Ovbude et al.                                                                                                                                                                                                                               



Journal of Chromatography B 1239 (2024) 124124

6

preconcentrate metabolites produced by Lactobacillus sakei in growth 
media [176]. Multiple RPLC columns (C8 and C18) have also been 
combined with LC-MS to extract metabolites such as amino acids, 
phospholipids, carnitines, bile acids, free fatty acids, and sphingomye
lins from plasma and liver tissue [177]. In addition, RPLC has been often 
used directly in combination with many other types of LC in multidi
mensional separations for metabolomics. Examples that will be 
described in more detail in the following sections are the use of RPLC 
with HILIC and other forms of LC [120–122,142,151–157,178]. 

4.1.2. Normal-phase liquid chromatography (NPLC) and HILIC 
Another type of partition chromatography is normal-phase liquid 

chromatography (NPLC, also known as normal-phase chromatography) 
[96–98,169]. NPLC differs from RPLC by using a polar stationary phase, 
such as diol, cyano, or aminopropyl groups [96–98]; thus, NPLC will 
have its strongest retention for polar compounds. NPLC is not as com
mon as RPLC in metabolomics, clinical analysis, and related fields 
because NPLC requires sample components to be injected in a nonpolar 
solvent [98]. However, normal-phase columns are useful when dealing 
with compounds that may be present in an organic solvent (e.g., through 
liquid–liquid extraction) and/or that contain one or more polar func
tional groups. Some examples include lipids, steroids, and sugars 
[98,173]. For example, NPLC has been used to fractionate various 
classes of lipids in rat brain tissue and to separate lipoidal steroids [173]. 

HILIC is another type of partition chromatography that uses a polar 
stationary phase [97,167,179]. After RPLC, HILIC is the second most 
common type of LC that is utilized in metabolomics (see Fig. 4). This 
method separates chemicals based on their ability to disperse between 
an organic-rich region of the mobile phase and a more polar water- 
enriched layer that is located at or near the surface of a polar support. 
HILIC often begins with a mobile phase that contains a small amount of 
water (e.g., 5 %) in an organic solvent such as acetonitrile to form the 
water-enriched layer. The water content of the mobile phase is then 

gradually increased to promote elution [97,180]. The surface of the 
support in HILIC may contain a polar, noncharged surface (e.g., silanol 
groups on unmodified silica) or surfaces that have been modified to 
contain diol, amide, or cyano groups [97,181]. Charged groups may also 
be present, as occurs in the use of supports that have surfaces with 
protonated amines, carboxylates, or zwitterionic groups (e.g., with the 
latter being referred to as zwitterionic HILIC or ZIC-HILIC) [97]. 

HILIC has been used in metabolomics and other areas as a tool to 
retain and separate polar and charged compounds found in biological 
samples [167,182,183]. Compounds in this group range from small 
organic acids and amino acids to nucleosides, sugars, and phosphate- 
containing compounds, as illustrated in Fig. 5. The ability of HILIC to 
retain and separate these polar compounds makes this method com
plementary to RPLC, which instead has its highest retention for nonpolar 
analytes [184–187]. One way HILIC has been used in metabolomics is as 
a pretreatment method for polar metabolites [7,188]. This has included 
the use of HILIC cartridges to extract phenolic metabolites from plasma 
and urine samples [188] and the use of a HILIC column to enrich hy
drophilic metabolites and amino acids in blood for analysis by targeted 
metabolomics [7]. 

Many studies have also used HILIC in analytical separations for 
metabolomics. Like RPLC, HILIC is often used with MS for this purpose 
[69,152,189]. The fact that HILIC has multiple modes of interaction can 
make this method more versatile than RPLC and potentially allow for 
improved metabolite coverage [189,190]. However, the same feature 
makes it more difficult to use HILIC with regard to predicting analyte 
retention [191]; this factor has led to HILIC being used in metabolomics 
mainly for untargeted studies [189,190]. HILIC has been used with MS 
to simultaneously analyze short-, medium-, and long-chain aromatic 
amines and acylcarnitines that are responsible for insulin resistance in 
type 2 diabetes in several human population studies [192,193]. A 
method to examine acylcarnitine and amino acid metabolism was 
developed based on HILIC combined with MS and used to profile 

Fig. 5. Examples of compounds that are suitable for analysis in untargeted metabolomics by HILIC-MS when working with urine and plasma, as illustrated for an 
optimized separation method using zwitterionic HILIC (ZIC-HILIC) at a neutral pH. The graph on the left shows the number of metabolites of various classes that are 
listed in the Human Metabolome Database (HDMB) as having been detected and quantitated in urine and blood. The graph on the right shows the results obtained 
with ZIC-HILIC for representative standards from each of these compound classes. This figure is reproduced from Ref. [152] with permission (Elsevier). 
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samples such as plasma, urine, cerebrospinal fluid, and tissue extracts 
[194]. 

A growing number of researchers are using HILIC in combination 
with RPLC and MS [120–122,151–158]. For instance, this combination 
of techniques has been employed to separate and resolve over 150 me
tabolites in rice [151]. This set of tools has also been used together in the 
non-targeted metabolomics analysis of other food products [156]. The 
use of HILIC plus RPLC with MS was found to increase the coverage of 
the metabolome in urine and plasma samples by approximately 44 % 
and 108 %, respectively, when compared to the use of RPLC along with 
MS [152]. UPLC and MS have been used with both RPLC and HILIC for 
untargeted metabolomics studies to identify potential biomarkers for 

liver cancer or breast cancer [121,153]. 
Despite the complementary nature of RPLC and HILIC, many 

metabolomics studies employing LC with MS still use a single type of 
column. This is believed to be linked to the increase in time and cost 
when using multiple columns. RPLC is also more commonly used with 
MS than HILIC in metabolomics [190,195,196]. This is partly due to 
RPLC being a more established method with a long history and high 
degree of familiarity in clinical analysis and biomedical research 
[96–98]. However, part of the preference for RPLC may be linked to the 
perception that RPLC-MS provides better performance than HILIC-MS 
and is a more robust analytical approach in areas such as metab
olomics [152,197–199]. In addition, HILIC typically produces broader 

Fig. 6. Strategy for the pretreatment of neutral and acidic steroids/bile acids prior to their LC-MS with electrospray ionization (ESI). This scheme uses a combination 
of extraction with ethanol (EtOH) or an ethanol/isopropanol (EtOH/iPrOH) mixture followed by C18 reversed-phase solid-phase extraction (C18 SPE) and the use of 
cation-exchange chromatography or anion-exchange chromatography. Other abbreviations: BA, bile acid; BA-G, glycine conjugated bile acid; BA-GlcA, glucuronic 
acid conjugated bile acid; BA-Hex, hexose conjugated bile acid; BA-S, sulfated bile acid; BA-T, taurine conjugated bile acid; Steroid-GlcA, neutral steroid conjugated 
with glucuronic acid; and Steroid-S, sulfated neutral steroid. This figure is reproduced from Ref. [200] with permission (Elsevier). 
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peaks than RPLC, resulting in a reduced peak capacity and greater 
reliance on the resolution capabilities of the mass spectrometer in HILIC 
[180,182]. 

4.2. Ion-exchange chromatography (IEC) and related methods 

RPLC works well for many nonpolar metabolites or metabolites with 
medium polarity. However, this separation method may be difficult to 
use with solutes that contain a charge. In this situation, an alternative is 
to use IEC [96–98]. IEC is a form of LC in which a support containing 
fixed charges on its surface is used to bind and separate solutes with 
complementary charges. IEC can be divided into two categories based on 
the type of charge present on the support and stationary phase. In cation- 
exchange chromatography, the stationary phase consists of negatively- 
charged groups that are used to retain positive ions. In anion- 
exchange chromatography, the stationary phase has positively-charged 
groups that are used to bind and separate negative ions [96–98,169]. 

Both cation- and anion-exchange chromatography have been used 
for sample pretreatment and fractionation prior to the analysis of me
tabolites by other LC methods combined with MS [167]. For example, 
strong cation-exchange supports have been used to extract more than 
140 charged and water-soluble metabolites from cultures of Escherichia 
coli and Saccharomyces cerevisiae prior to a further separation and 
analysis by HILIC and MS [142]. In another report, both anion- and 
cation-exchange chromatography were used to fractionate components 
of the steroid metabolome (e.g., bile acids, oxysterols, and hormonal 
steroids) before these compounds were separated and analyzed further 
by LC-MS (see Fig. 6) [200]. 

IEC has been directly used in other studies in the specialized form of 
ion chromatography (IC) for analytical separations and in combination 
with detectors based on conductivity, fluorescence, amperometry, or MS 
[97,98,167]. The need to address the salt content and relative volatility 
of the mobile phase contents in IEC is an issue that must always be 
considered when combining this method with MS [201–203]. For 
instance, the coupling of IC with MS requires the use of an ion-exchange 
column with an on-line electrolytic eluent suppressor system to convert 
a mobile phase that may have a high concentration of competing ions to 
an aqueous solution that contains little or no competing ions [96,97]. An 
organic solvent can also be added to the mobile phase through a mixing 
tee to provide an eluent that is more compatible with electrospray 
ionization for MS [167]. 

IC in the form of capillary IC-MS has been used as the basis for several 
metabolomics studies. Capillary IC-MS with a strong anion-exchange 
medium has been employed to analyze organic acids and sugar di/tri
phosphates from the protozoan Trypanosoma brucei [204] and to 
examine metabolites related to carbon metabolism in glioblastoma cells 
[205]. This combination of methods has further been used to profile 
agents such as sugar phosphates and nucleotides in extracts of human 
kidney HEK293 cells [206] and to examine nucleotides, organic acids, 
sugars, and sugar phosphates in SW480 cancer cells [207]. IC-MS with 
anion-exchange has been used to evaluate phosphorylated metabolites 
after their enrichment using metal oxide affinity chromatography [208]. 
A comparison has also been made of LC-MS methods based on RPLC, 
HILIC, or anion-exchange LC in terms of their detection and coverage of 
354 metabolites from 19 compound classes in mammalian samples 
[178]. HILIC and RPLC gave retention factors greater than one for 54 % 
and 41 % of these metabolites, respectively. Combining HILIC with 
RPLC increased the overall metabolite coverage to 92 %, and including 
anion-exchange chromatography (e.g., for short chain fatty acids) 
further increased the coverage to 97 % [178]. 

Several reports have considered the direct coupling of IEC with other 
forms of LC for multidimensional separations. RPLC and anion-exchange 
chromatography have been used with MS for metabolomic analysis as 
related to environmental exposure (i.e., the exposome) [209]. A scheme 
based on RPLC followed by IEC and MS was used to detect over 80 
metabolites in plasma and urine samples [210]. HILIC has been used in a 

mixed-mode format with weak anion-exchange chromatography and MS 
to determine glyphosate and its metabolite aminomethylphosphonic 
acid in fruits and vegetables [211]. Strong cation-exchange chroma
tography was used with RPLC and a chip-based format for the analysis of 
metabolites and peptides in spleen samples [212]. 

Another way in which a separation based on ion-exchange can be 
combined with a second separation mode is through the method of ion- 
pair chromatography (IPC), which is also referred to as ion-pair liquid 
chromatography (IPLC) [28,66,97]. IPC typically uses a column for 
RPLC and a mobile phase that contains an ion-paring agent with a non- 
polar tail (e.g., for interacting with a RPLC column) and a charged sec
tion for interacting with an analyte that contains the opposite charge 
[97,213,214]. Examples of ion-pairing agents in IPLC are perchlorate or 
alkane-sulphonic acids (e.g., as occurs in sodium dodecyl sulfate) for the 
separation of cations and tetrabutylammonium or related surfactants for 
the separation of anions [95,213]. 

Several reports have used IPC for metabolomics, either alone or in 
combination with other LC separation methods. One study compared the 
use of HILIC-MS, RPLC-MS, and IPC-MS for the analysis of polar and/or 
ionic metabolites, with a particular emphasis on compounds related to 
central carbon metabolism [214]. Of these three methods, only IPC-MS 
was found to provide a sufficiently robust method (when suitable pre
cautions and conditions were followed), making it possible to profile 
over a hundred organic metabolites in serum, urine, and tissue extracts 
[214]. IPC-MS was used to detect small polar molecules, such as through 
the use of diamyl ammonium acetate as an ion-pairing reagent for the 
retention of acidic polar compounds [215]. A C18 based column was 
used either directly or with IPC to give separations based on reversed- 
phase, cation-exchange, anion-exchange, and normal-phase modes for 
the separation of polar metabolites [80]. 

4.3. Adsorption liquid chromatography 

Another type of LC based on stationary phase and separation mode is 
adsorption chromatography. In this method, solutes are separated based 
on their adsorption to the surface of a support [96–98,171,173]. 
Adsorption chromatography is not usually used for the analytical sepa
ration of biological samples for metabolomics but is instead employed 
for sample pretreatment. Supports that are frequently used for sample 
pretreatment by adsorption chromatography and SPE include polymeric 
supports (e.g., polystyrene) and non-derivatized silica [96]. Similar 
supports for adsorption chromatography are also often used in planar 
chromatography [97,98]. Examples of adsorption chromatography in 
metabolomics include the use of polymeric resins to extract steroids and 
neurosteroids [171,173]. In addition, silica on TLC plates has been used 
for the separation of lipids in brain tissues and their analysis by MS 
[103]. 

4.4. Size-exclusion chromatography (SEC) and related methods 

Separation of compounds based on their size/shape and ability to 
partition into a porous support forms the basis for SEC [96–98]. 
Although most of the compounds examined in metabolomics have 
relatively small masses and cannot be separated from one another by 
SEC, this method is still important in removing proteins and other 
higher-mass substances from smaller metabolites [97]. For instance, the 
removal of proteins in metabolomics is often required to avoid matrix 
effects and ionization suppression in the use of LC with MS 
[35,46,78–80]. The retention of biomolecules in a metabolomics sample 
has been shown to non-uniformly perturb metabolite concentrations 
primarily through protein binding interactions [58,216,217]. Protein 
precipitation with an extraction solvent (e.g., methanol) is a preferred 
approach to remove biomolecules and release the bound metabolites 
[217]. While ultrafiltration is also used to remove biomolecules, this 
technique may selectively deplete protein-bound metabolites from a 
metabolomics analysis based on MS or NMR. Sample preparation by SEC 
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is often carried out using low-performance size-exclusion media in solid- 
phase extraction cartridges or spin columns. Alternatively, SEC can be 
employed to isolate a large biological agent that may contain bound or 
encapsulated metabolites. Examples of this latter application are the use 
of SEC for the isolation of metabolites that are associated with proteins 
or extracellular vesicles [218–222]. 

Alternatively, SEC has been used in metabolomics to specifically 
analyze and characterize the interactions of metabolites with proteins 
and other biomacromolecules [4,219,223–225]. In this type of work, 
SEC can be used to separate free metabolites and metabolite–protein 
complexes based on their large differences in size. One recent study used 
SEC to examine metabolite-protein interactions in cell-free lysates from 
cultures of the plant Arabidopsis thaliana [219]. SEC may also be used 
with known mixtures of a metabolite and a protein to separate and 
measure the free and bound fractions of a metabolite; this information 
can then be used in binding studies to provide information on the 
equilibrium constant for the metabolite–protein interaction 
[4,223–225]. 

Another way size-based separations can be utilized in metabolomics 
is through the use of restricted access media (RAM) [162,226–230]. This 
type of material consists of a porous support in which only the interior 
contains the desired stationary phase, such as non-polar groups or ion- 
exchange sites [78,231–237]. The pore size is set so that only small 
compounds such as metabolites are allowed to enter the interior region 
while prohibiting the entry of larger agents such as proteins. This ability 
makes RAM columns useful in on-line sample pretreatment for work in 
areas such as untargeted metabolomics [162,226–230]. 

Turbulent flow chromatography (TFC) is an additional way in which 
size-based separations can be combined with other forms of LC for use in 
metabolomics. TFC is also known as ultra-high flow or high-flow chro
matography [89,238–240]. TFC often makes use of a relatively large 
diameter RPLC support (e.g., 25–50 µm) that is operated at a high flow 
rate (e.g., 1.5–5.0 mL/min). These conditions can generate turbulent 
flow within the column that enables macromolecules such as proteins to 
be readily washed away, while allowing smaller molecules to enter the 
pores of the particles and to be retained for further separation and 
analysis [240,241]. A common application for this method is to remove 
proteins and to isolate drug metabolites for the analysis of complex 
matrices such as urine, plasma, tissue homogenates, cerebrospinal fluid, 
and environmental samples [242–247]. 

4.5. Affinity chromatography (AC) and related methods 

Another type of LC is affinity chromatography (AC) [72,96,248]. 
This method is based on the selective and reversible interactions be
tween biomolecules [72,248]. Immunoaffinity chromatography (IAC) is 
a subset of AC in which an antibody or related binding agent is employed 
[72,97,249,250]. The high selectivity and strong binding of antibodies 
for their targets have made IAC an important tool for sample pretreat
ment and the isolation of specific sample components for applications 
related to targeted metabolomics [72]. This form of IAC is often referred 
to as immunoextraction and can be used either off-line or directly with 
other analytical techniques [250]. This has included the on-line use of 
IAC with further LC separation and MS for the trace analysis of specific 
compounds and their metabolites in matrices such as food, plant or 
animal tissues, clinical specimens, and environmental samples 
[72,249–263]. 

IAC has been used in several studies to isolate mycotoxins and 
related metabolites for the measurement or characterization of these 
components [251–254]. For instance, IAC has been used to enrich and 
detect deoxynivalenol and fungal-derived metabolites from grains 
[254]. An IAC column has been employed to isolate and aid in the 
detection of residues and metabolites related to the steroids methan
drostenolone and brassinosteroid [255,258]. Aflatoxins, ochratoxins, 
and related metabolites have been isolated from samples such as cocoa, 
oil, spices, cereals, nuts, and infant formula by using immunoaffinity 

columns [256,257]. Broad-specificity monoclonal antibodies were used 
to purify and enrich brassinosteroid metabolites from minute plant 
samples before further analysis [258]. IAC has been coupled on-line with 
RPLC for the trace analysis of triazine herbicides and their metabolites 
or degradation products [264–267]. In addition, IAC has been used on- 
line with LC-MS for trace analysis of LSD and its metabolites in samples 
such as urine or plasma [259,260]. 

Other binding agents have also been used in AC for metabolomics. 
For example, ergosterol biosynthetic enzymes were tagged with an 
immunoglobulin G-binding domain [268]. Binding by metabolites to 
these enzymes was then examined after the affinity-based isolation of 
the tagged proteins [268]. Metal oxide AC based on zirconia or titania 
was used to enrich phosphorylated metabolites prior to their separation 
and analysis by IC-MS [208]. The use of traditional immobilized metal- 
ion AC for sample pretreatment was considered in the same report 
[208]. 

AC and high-performance affinity chromatography (HPAC) have 
been used to study interactions by proteins and other bio
macromolecules with metabolites of drugs and hormones 
[4,224,225,269–271]. Examples include the application of HPAC to 
compare and characterize the binding of thyroxine, triiodothyronine, 
and related metabolites with human serum albmin (HSA) [272,273]; the 
interactions of phenytoin and its major metabolites with HSA [274,275]; 
and the binding of warfarin and L-tryptophan and related coumarin or 
indole compounds at Sudlow sites I or II of HSA [276,277]. HPAC has 
also been used to determine rate constants for interactions of the indi
vidual chiral forms of phenytoin metabolites with HSA [278]. 

5. Gas chromatography (GC) in metabolomics 

GC is a chromatographic method in which the mobile phase is a gas 
and sample components are separated in the gas phase [96–98]. 
Although LC is more commonly used in metabolomics, GC is also an 
important separation tool in this field [279–316]. This is especially true 
when the goal is to work with volatile compounds or compounds that 
can be readily converted into a volatile form [97,280,281,304,305]. The 
relative extent of use for GC vs LC in this area is illustrated in Fig. 7 by 
the number of papers that have appeared between 2000 and 2022 that 
have contained the terms “metabolomics” plus “gas chromatography” vs 
“liquid chromatography”. In this comparison, GC was used in about one 
third of the reports over 2000–2022 that used either LC or GC for 
metabolomics. In addition, the use of GC to analyze metabolites goes 
back many decades and predates the modern era of metabolomics. For 
instance, one of the first applications of GC occurred in the early 1950’s 
when it was used to separate methyl esters of fatty acids [97,280]. GC is 
most often used in metabolomics in the form of GC–MS 
[279,281,282,304], although multidimensional GC–MS (e.g., 2D 
GC–MS) has also been used for untargeted and targeted metabolomics 
[147–149,305]. Examples of metabolite classes that have been analyzed 
by GC–MS include amino acids, organic acids, catecholamines, fatty 
acids, hormones, hydroxyl acids, sterols, and sugars, among others 
[281,305]. 

Advantages of GC–MS are its high efficiency and good resolution for 
volatile compounds and the availability of well-established libraries of 
mass spectra that can be used for compound identification 
[97,281,282,304]. One limitation of GC–MS is the requirement that its 
analytes be both sufficiently volatile and thermally stable at the tem
peratures that are employed for sample injection and elution 
[97,98,305]. Meeting this requirement often means that analytes must 
first be derivatized to convert them into a volatile and thermally-stable 
form (e.g., through the use of silylation or the formation of methyl esters) 
[57,97,98,283–288,304,305]. This form of pretreatment is important in 
metabolomics because it significantly expands the range of compounds 
that can be examined by GC–MS [304,305]. Fig. 8 gives a typical 
workflow for GC–MS in metabolomics that includes a derivatization step 
[304]. 
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Two fields in which GC–MS has been used for metabolomics are 
clinical analysis and biomedical research [279,291,298–313]. For 
instance, GC–MS has been used to analyze metabolites in human plasma 
[298] and for profiling of endogenous agents such as organic acids, 
amino acids, and sugars in urine, serum, or plasma [291]. The use of 
GC–MS in the study of cancer is another important application in the 

field of metabolomics [306–310]. For instance, GC–MS has been used in 
metabolomics to compare hepatocellular carcinoma with healthy sur
rounding tissue [306] and to examine metabolites in plasma for patients 
with medullary thyroid cancer vs the plasma of healthy individuals 
[307]. GC–MS has been used to identify metabolites in urine that may be 
used for the diagnosis of non-Hodgkin’s lymphoma [309] and to 

Fig. 7. Number of publications which included the terms “ liquid chromatography” or “gas chromatography” plus “metabolomics” and which were published be
tween 2000 and 2022. These results were obtained from searches conducted on the Web of Science in February 2024. These numbers are probably low estimates of 
the total papers in each of these areas, as some reports that use liquid chromatography or gas chromatography may use the abbreviations “LC” or “GC” rather than the 
full names of these techniques. 
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compare healthy vs cancerous prostate epithelial cells [310]. A 2D GC 
method has been employed with untargeted metabolomics to analyze 
the contents of serum from patients with colorectal cancer [308]. Both 
GC–MS and 2D GC–MS have also been used in metabolomics studies 
involving yeast and microbial systems, as well as in other biomedical 
applications [287,311,312]. 

GC–MS has been frequently employed to examine both volatile me
tabolites and low mass non-volatile metabolites (e.g., through derivati
zation) in plants and food-related matrices [289–297,304,311–316]. 
One report used GC–MS for plant metabolomics to examine changes in 
sugars, amino acids, organic acids, and some inorganic acids that were 
present in radish roots stressed by exposure to lead or cadmium [290]. 
Applications in food science have included the metabolic profiling, 
quality analysis, and authentication of foods, along with studies of the 
growth, processing, stressing, and storage of foods [304]. For instance, 
GC–MS has been employed to investigate flavor development in shrimp 
paste [313]. Metabolomics based on both GC and LC have been used to 
study the volatile plus nonvolatile compounds involved in the withering 
process of black tea [314]. GC–MS and metabolic profiles have been 
used to characterize the regions in which certain foods or their com
ponents have originated, such as has been used for some varieties of rice 
or whole grain liquor [315,316]. 

6. Supercritical fluid chromatography (SFC) in metabolomics 

SFC is a form of chromatography in which a supercritical fluid is the 
mobile phase [96–98,317–323]. SFC has not been used as extensively as 
LC or GC in metabolomics, with the number of papers in this area being 
about 1 % of those shown in Fig. 7. However, there has been increasing 
and ongoing interest in the unique capabilities SFC may offer for 
metabolomics [317,318,321,322]. For instance, a supercritical fluid has 
a lower viscosity than a liquid, along with a higher density than a gas 
[97,98,317,318]. These properties mean SFC will have retention 
behavior and efficiencies that are between those of LC and GC. 
Furthermore, SFC can often be used with modified forms of equipment, 
stationary phases, and supports that were originally created for either 
GC or LC [97,98], including the use of both HPLC and UHPLC columns 
[124,318–323]. Stationary phases for SFC have included those devel
oped for RPLC, NPLC, and HILIC [97,318–323]. 

SFC has been combined with MS for various applications in metab
olomics. As an example, SFC-MS has been used for comprehensive lipid 
profiling and the separation of polar metabolites [317,321,322]. The use 
of SFC-MS in pharmaceutical analysis has been considered [318], and 
the use of SFC-MS with UHPLC-type columns and various stationary 
phases has been evaluated for the analysis of medium and high polarity 

Fig. 8. Example of a general workflow for the preparation and analysis by GC–MS for samples in metabolomics. The derivatization step on the right is needed for 
work with non-volatile or thermally-unstable compounds. This figure is reproduced from Ref. [304] with permission (Elsevier). 
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metabolites in urine [323]. SFC-MS using UHPLC columns has been 
demonstrated to separate both polar and non-polar lipids [322]. Along 
with the possible addition of methanol to the mobile phase, it has been 
found that ionizable compounds such as poly acids, aliphatic amines, 
and other polar metabolites can be separated by SFC when utilizing 
small amounts of acids, bases, or salts as mobile phase modifiers 
[317,318]. A small amount of water can also be used with CO2 and 
methanol to elute highly polar compounds and metabolites in SFC 
[317,318]. 

7. Chromatography in NMR-based metabolomics 

Many of the prior examples given in this review have involved the 
combination of LC, GC, or SFC with MS for metabolomics. This reflects 
the fact that LC-MS is currently the most common approach used to 
analyze samples for metabolomics, with GC–MS also playing an 
important and growing role in this field [289–305,324]. In each of these 
methods, a separation based on some form of chromatography is 
generally required prior to MS to resolve the many compounds that 
occur over the relatively narrow molar mass range of the metabolome 
[70]. This separation step can further be employed to minimize effects 
by the matrix or co-eluting compounds that may lead to ion suppression 
in MS [35,45,46,78–80,325]. However, neither the presence of metab
olites over a narrow mass range nor ion suppression are issues in NMR, 
although sample matrix effects due to proteins or lipids may still occur 
[6,58,90–92]. Thus, chromatography has not been as frequently used in 
NMR as it has been in MS for metabolomics, as shown earlier in Fig. 2. 

There are several other factors that have led to chromatography not 
being part of many prior NMR-based studies. One primary reason is it is 
desirable to minimize sample handling and the overall time it takes to 
acquire an NMR spectrum for a sample. This is required because me
tabolites are readily interconverted due to residual enzymatic activity or 
oxidation and may be subject to such issues as thermodynamic insta
bility or degradation and solubility [85–88,326,327]. Another concern 
is the change in relative concentration that may occur for a metabolite 
during pretreatment [328]. Compound decomposition during the sepa
ration process, inefficient or non-uniform compound derivatization, and 
less than 100 % compound recovery are other ways chromatography 
may impact the outcome of metabolomics studies, as seen in LC-MS 
[328–330]. In addition, the impact of these factors may not be uni
form for all metabolites and may give an incorrect impression of the 
relevance of a given change on the system under investigation. For 
example, such effects may lead to a metabolite being incorrectly iden
tified as a potential biomarker for cancer [331]. 

NMR does face challenges in metabolomics with peak overlap, low 
sensitivity, and a limited dynamic range; however, these issues can be 
partly overcome by employing multidimensional NMR experiments 
instead of chromatography. For instance, NMR methods such 2D 1H–13C 
heteronuclear single quantum coherence spectroscopy (HSQC), hetero
nuclear multiple bond correlation (HMBC), 1H–1H total correlation 
spectroscopy (TOCSY), and HSQC-TOCSY are frequently utilized in 
metabolomics to assist with metabolite annotations and can be used in 
combination with LC-MS [6,54–56,332–336]. Analogous schemes based 
on MS/MS are used in metabolomics [337,338], although these methods 
are not replacements for chromatography in the same way as when NMR 
peaks are spread across two dimensions using data based on 1H and 
other nuclei (e.g., 13C, 15N, or 31P) [339,340]. In addition, non-uniform 
sampling, rapid acquisition methods and super sequences based on NMR 
by ordered acquisition using 1H detection can be used for rapid (<ms) 
2D NMR collection for metabolomics [56,341–345]. 

Despite the differences in the need for chromatography in NMR and 
MS, there is a growing interest in combining LC with NMR for metab
olomics. This is demonstrated in Fig. 2 by the increasing number of 
publications in NMR-based metabolomics that have employed chroma
tography. The main reason for this interest is the same as it is for MS, in 
that using LC with NMR can simplify complex heterogeneous mixtures 

before their analysis [346–349]. In principle, all the chromatographic 
techniques discussed in Section 4 can be employed with NMR in either 
an on-line or off-line mode. The easiest of these two modes is to use off- 
line coupling of LC with NMR, as illustrated in Fig. 9 for a scheme that 
couples RPLC with 1H NMR in metabolomics [347]. The use of on-line 
LC with NMR requires interfacing LC with an NMR flow probe 
[350,351] to rapidly transfer sample aliquots into a stationary chamber 
positioned inside the magnet of the NMR spectrometer. In either off-line 
or on-line modes, the metabolomics samples will need to be placed into 
an NMR-friendly solvent that includes a deuterated buffer and has a low 
salt concentration (i.e., < 50–100 mM for use with cryoprobes) [352]. 

8. Conclusions 

This review examined the use of chromatography and its various 
forms in the field of metabolomics. This included the use of chroma
tography with either MS or NMR and the use of LC, GC, or SFC for the 
pretreatment or separation of compounds in samples for metabolomics. 
General considerations for sample pretreatment and separations in 
metabolomics were discussed along with the various supports and sep
aration formats for chromatography that have been used in metab
olomics. Many types of LC methods were considered with regard to their 
applications and possible advantages or disadvantages in metabolomics. 
These methods included RPLC and HILIC, which are the two forms of LC 
used the most in metabolomics. Other LC methods (e.g., IPC, NPLC, IEC, 
SEC, AC, and adsorption chromatography) were also discussed that have 
been used in fewer applications for metabolomics but offer unique 
abilities that may be valuable for future work in this field. The combi
nation of these techniques in multidimensional LC for metabolomics was 
further considered, as well as applications of GC and SFC in this area. 

Several trends and areas for possible future development were noted 
in this review. For example, there remains room for significant growth in 
the use of LC methods other than RPLC or HILIC and in the continued use 
of GC or SFC with MS for metabolomics. The same is true for NMR-based 
metabolomics, which has usually been conducted without the use of 
chromatography in most previous studies and for which the inclusion of 
chromatography may allow for the analysis of even more complex 
samples and sets of metabolites. The need for methods that can examine 
a greater range of metabolites will also probably involve the use of more 
forms of multidimensional separations with either MS or NMR and 
combining RPLC and HILIC to a great degree with other forms of chro
matography. Finally, little work has been done up to the present in using 
chromatography with microfluidics for metabolomics. This is another 
area expected to see future development, as microfluidics has recently 
been employed for single cell metabolomics [353–356] and in other 
fields for LC separations or for sample analysis by MS [357–359]. De
velopments in any of these areas should continue to increase the capa
bilities and impact that chromatography offers for new research and 
applications in metabolomics. 
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Fig. 9. Use of reversed-phase solid-phase extraction to fractionate cat urine prior to analysis of the fractions by 1H NMR spectroscopy. The chromatogram that was 
obtained by RPLC for the original sample is shown in (a); the 1H NMR spectra of the collected fractions are provided in (b). Abbreviations: 4-cresol, 4-cresol de
rivative; DMA, dimethylamine; 3-Hbut, 3-d-hydroxybutyrate; 4-HPA, 4-hydroxyphenylacetate; 4-HPL, 4-hydroxyphenyllactate; I-3-L, indole-3-lactate; IVGly, iso
valerylglycine; MA, methylamine; 1-MN, 1-methylnicotinamide; NAC, N-acetyl-glycoproteins; PAG, phenylacetylglycine; P-creatine, phosphocreatine, TMA, 
trimethylamine; and TMAO, trimethylamine-N-oxide. This figure is adapted from Ref. [347] with permission (Elsevier). 
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[168] P. Žuvela, M. Skoczylas, J.J. Liu, T. Baczek, R. Kaliszan, M.W. Wong, 
B. Buszewski, Column characterization and selection systems in reversed-phase 
high-performance liquid chromatography, Chem. Rev. 119 (2019) 3674–3729. 

[169] R.E. Majors, P.W. Carr, Glossary of liquid-phase separation terms, LC-GC 19 
(2001) 124–162. 

[170] C. Boone, J. Adamec, Top-down proteomics, in: P. Ciborowski, J. Silberring 
(Eds.), Proteomic Profiling and Analytical Chemistry, 2nd Ed., Elsevier, 
Amsterdam, 2016, pp. 175–191. 

[171] J. Sjovall, M. Axelson, Newer approaches to the isolation, identification, and 
quantitation of steroids in biological matrices, Vitamins and Hormones 39 (1982) 
31–144. 

[172] S. Liu, J. Sjovall, W.J. Griffiths, Neurostroids in rat brain: extraction, isolation, 
and analysis by nanoscale liquid chromatography-electrospray mass 
spectrometry, Anal. Chem. 75 (2003) 5835–5846. 

[173] P. Liere, A. Pianos, B. Eychenne, A. Cambourg, K. Bodin, W. Griffiths, 
M. Schumacher, E.-E. Baulieu, J. Sjovall, Analysis of pregnenolone an 
dehydroepiandrosterone in rodent brain: cholesterol oxidation is the key, J. Lipid 
Res. 50 (2009) 2430–2444. 

[174] H. Yoshida, T. Mizukoshi, K. Hirayama, H. Miyano, On-line desalting-mass 
spectrometry system for the structural determination of hydrophilic metabolites, 
using a column switching technique and a volatile ion-pairing reagent, 
J. Chromatogr. A 1119 (2006) 315–321. 

[175] T. Piper, W. Schänzer, M. Thevis, Revisiting the metabolism of 19-nortestosterone 
using isotope ratio and high resolution/high accuracy mass spectrometry, 
J. Steroid Biochem. Mol. Biol. 162 (2016) 80–91. 

[176] S.B. Lee, Y.K. Rhee, F.J. Gu, D.W. Kim, G.J. Jang, S.H. Song, J.I. Lee, H.D. Hong, 
C.W. Cho, H.J. Kim, Mass-based metabolomic analysis of lactobacillus sakei and 
its growth media at different growth phases, J. Microbiol. Biotechnol. 27 (2017) 
925–932. 

[177] S. Wang, L. Zhou, Z. Wang, X. Shi, G. Xu, Simultaneous metabolomics and 
lipidomics analysis based on novel heart-cutting two-dimensional liquid 
chromatography-mass spectrometry, Anal. Chim. Acta 966 (2017) 34–40. 

[178] D.J. Floros, K. Xu, F. Berthiller, H. Schwartz-Zimmerman, Comparison of 
chromatographic conditions for the targeted tandem mass spectrometric 
determination of 354 mammalian metabolites, J. Chromatogr. A 1697 (2023) 
463985. 

[179] A.J. Alpert, Hydrophilic-interaction chromatography for the separation of 
peptides, nucleic acids, and other polar compounds, J. Chromatogr. A 499 (1990) 
177–196. 

[180] M.R. Gama, R.G. da Costa Silva, C.H. Collins, C.B.G. Bottoli, Hydrophilic 
interaction chromatography, Trends Anal. Chem. 37 (2012) 48–60. 

[181] B.A. Olsen, Hydrophilic interaction chromatography using amino and silica 
columns for the determination of polar pharmaceuticals and impurities, 
J. Chromatogr. A 913 (2001) 113–122. 

[182] B. Buszewski, S. Noga, Hydrophilic interaction liquid chromatography (HILIC)-a 
powerful separation technique, Anal. Bioanal. Chem. 402 (2012) 231–247. 

[183] V.V. Tolstikov, O. Fiehn, Analysis of highly polar compounds of plant origin: 
combination of hydrophilic interaction chromatography and electrospray ion trap 
mass spectreometry, Anal. Biochem. 301 (2002) 298–307. 

[184] F. Fei, D.M.E. Bowdish, B.E. McCarry, Comprehensive and simultaneous coverage 
of lipid and polar metabolites for endogenous cellular metabolomics using HILIC- 
TOF-MS, Anal. Bioanal. Chem. 406 (2014) 3723–3733. 

[185] K. Spagou, H. Tsoukali, N. Raikos, H. Gika, I.D. Wilson, G. Theodoridis, 
Hydrophilic interaction chromatography coupled to MS for metabonomic/ 
metabolomic studies, J. Sep. Sci. 33 (2010) 716–727. 

[186] H. Bi, K.W. Krausz, S.K. Manna, F. Li, C.H. Johnson, F.J. Gonzalez, Optimization 
of harvesting, extraction, and analytical protocols for UPLC-ESIMS-based 
metabolomic analysis of adherent mammalian cancer cells, Anal. Bioanal. Chem. 
405 (2013) 5279–5789. 

[187] W. Zou, J. She, V. Tolstikov, A comprehensive workflow of mass spectrometry- 
based untargeted metabolomics in cancer metabolic biomarker discovery using 
human plasma and urine, Metabolites 3 (2013) 787–819. 

[188] M. Urpi-Sarda, M. Monagas, N. Khan, R. Llorach, R.M. Lamuela-Raventos, 
O. Jauregui, R. Estruch, M. Izquierdo-Pulido, C. Andres-Lacueva, Targeted 
metabolic profiling of phenolics in urine and plasma after regular consumption of 
cocoa by liquid chromatography-tandem mass spectrometry, J. Chromatogr. A 
1216 (2009) 7258–7267. 

[189] I. Kohler, R.J.E. Derks, M. Giera, The rise of hydrophilic interaction 
chromatography in untargeted clinical metabolomics, LC-GC Eur. 29 (2016) 
60–75. 

[190] D.Q. Tang, L. Zou, X.X. Yin, C.N. Ong, HILIC-MS for metabolomics: an attractive 
and complementary approach to RPLC-MS, Mass Spectrom. Rev. 35 (2016) 
574–600. 

[191] G. Greco, T. Letzel, Main interactions and influences of the chromatographic 
parameters in HILIC separations, J. Chromatogr. Sci. 51 (2013) 684–693. 

[192] C.B. Newgard, J. An, J.R. Bain, M.J. Muehlbauer, R.D. Stevens, L.F. Lien, A. 
M. Haqq, S.H. Shah, M. Arlotto, C.A. Slentz, J. Rochon, D. Gallup, O. Ilkaeva, B. 
R. Wenner, W.E. Yancy, H. Eisenson, G. Musante, R. Surwit, D.S. Millington, M. 
D. Butter, L.P. Svetke, A branched-chain amino acid-related metabolic signature 
that differentiates obese and lean humans and contributes to insulin resistance, 
Cell Metab. 9 (2009) 311–326. 

[193] C.S. McCoin, T.A. Knotts, S.H. Adams, Acylcarnitines-old actors auditioning for 
new roles in metabolic physiology, Nat. Rev. Endocrinol. 11 (2015) 617–625. 

[194] T. Teav, H. Gallart-Ayala, V. Van Der Velpen, F. Mehl, H. Henry, J. Ivanisevic, 
Merged targeted quantification and untargeted profiling for comprehensive 
assessment of acylcarnitine and amino acid metabolism, Anal. Chem. 91 (2019) 
11757–11769. 

[195] P. Yin, G. Xu, Current state-of-the-art of nontargeted metabolomics based on 
liquid chromatography-mass spectrometry with special emphasis on clinical 
applications, J. Chromatogr. A 1374 (2014) 1–13. 

[196] M. Kaczmarek, N. Zhang, L. Buzhansky, S. Gilead, E. Gazit, Optimization 
strategies for mass spectrometry-based untargeted metabolomics analysis of small 
polar molecules in human plasma, Metabolites 13 (2023) 923. 

[197] M.R. Wenk, The emerging field of lipidomics, Nature Rev. Drug Discov. 4 (2005) 
549–610. 

[198] M. Moran-Garrido, P. Munoz-Escudero, A. Garcia-Alvarez, I. Garcia-Lunar, 
C. Barbas, J. Saiz, Optimization of sample extraction and injection-related 
parameters in HILIC performance for polar metabolite analysis. Application to the 
study of a model of pulmonary hypertension, J. Chromatogr. A 1685 (2022) 
463626. 

[199] H.-J. Lee, D.M. Kremer, P. Sajjakulnukit, L. Zhang, C.A. Lyssiotis, A large-scale 
analysis of targeted metabolomics data from heterogeneous biological samples 
provides insights into metabolite dynamics, Metabolomics 15 (2019) 103. 

[200] W.J. Griffiths, J. Sjovall, Analytical strategies for characterization of bile acid and 
oxysterol metabolomes, Biochem. Biophys. Res. Commun. 396 (2010) 80–84. 

[201] Y. Sekiguchi, N. Mitsuhashi, T. Kokaji, H. Miyakoda, T. Mimura, Development of 
a comprehensive analytical method for phosphate metabolites in plants by ion 
chromatography coupled with tandem mass spectrometry, J. Chromatogr. A 1085 
(2005) 131–136. 

[202] N. Karu, G.W. Dicinoski, M. Hanna-Brown, P.R. Haddad, Determination of 
pharmaceutically related compounds by suppressed ion chromatography. I. 
Effects of organic solvent on suppressor performance, J. Chromatogr. A 1218 
(2011) 9037–9045. 

[203] N. Karu, G.W. Dicinoski, M. Hanna-Brown, K. Srinivasan, C.A. Pohl, P.R. Haddad, 
Determination of pharmaceutically related compounds by suppressed ion 
chromatography. III. Role of electrolytic suppressor design, J. Chromatogr. A 
1233 (2012) 71–77. 

[204] K. Burgess, D. Creek, P. Dewsbury, K. Cook, M.P. Barrett, Semi-targeted analysis 
of metabolites using capillary-flow ion chromatography coupled to high- 
resolution mass spectrometry, Rapid Commun. Mass Spectrom. 25 (2011) 
3447–3452. 

[205] J. Walsby-Tickle, J. Gannon, I. Hvinden, C. Bardella, M.I. Abboud, A. Nazeer, 
D. Hauton, E. Pires, T. Cadoux-Hudson, C.J. Schofield, J.S.O. McCullagh, Anion- 
exchange chromatography mass spectrometry provides extensive coverage of 

S.T. Ovbude et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S1570-0232(24)00132-6/h0775
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0775
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0780
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0780
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0780
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0785
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0785
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0785
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0785
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0790
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0790
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0790
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0790
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0795
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0795
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0795
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0795
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0800
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0800
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0800
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0805
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0805
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0805
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0805
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0810
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0810
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0810
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0810
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0810
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0815
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0815
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0815
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0815
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0815
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0820
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0820
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0820
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0825
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0825
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0825
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0830
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0830
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0830
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0830
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0835
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0835
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0835
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0840
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0840
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0840
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0845
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0845
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0850
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0850
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0850
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0855
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0855
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0855
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0860
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0860
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0860
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0865
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0865
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0865
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0865
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0870
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0870
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0870
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0870
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0875
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0875
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0875
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0880
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0880
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0880
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0880
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0885
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0885
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0885
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0890
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0890
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0890
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0890
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0895
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0895
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0895
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0900
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0900
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0905
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0905
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0905
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0910
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0910
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0915
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0915
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0915
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0920
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0920
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0920
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0925
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0925
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0925
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0930
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0930
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0930
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0930
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0935
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0935
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0935
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0940
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0940
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0940
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0940
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0940
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0945
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0945
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0945
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0950
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0950
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0950
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0955
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0955
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0960
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0960
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0960
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0960
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0960
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0960
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0965
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0965
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0970
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0970
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0970
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0970
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0975
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0975
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0975
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0980
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0980
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0980
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0985
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0985
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0990
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0990
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0990
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0990
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0990
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0995
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0995
http://refhub.elsevier.com/S1570-0232(24)00132-6/h0995
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1000
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1000
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1005
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1005
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1005
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1005
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1010
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1010
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1010
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1010
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1015
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1015
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1015
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1015
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1020
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1020
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1020
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1020
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1025
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1025
http://refhub.elsevier.com/S1570-0232(24)00132-6/h1025


Journal of Chromatography B 1239 (2024) 124124

18

primary metabolomic pathways revealing altered metabolism in IDH1 mutant 
cells, Commun. Biol. 3 (2020) 247. 

[206] H.F. Kvitvang, K.A. Kristiansen, P. Bruheim, Assessment of capillary anion 
exchange ion chromatography tandem mass spectrometry for the quantitative 
profiling of the phosphometabolome and organic acids in biological extracts, 
J. Chromatogr. A 1370 (2014) 70–79. 

[207] M. Schwaiger, E. Rampler, G. Hermann, W. Miklos, W. Berger, G. Koellensperger, 
Anion-exchange chromatography: a powerful tool for merging targeted and non- 
targeted metabolomics, Anal. Chem. 89 (2017) 7667–7674. 

[208] L. Si-Hung, C. Troyer, T. Causon, S. Hann, Sensitive quantitative analysis of 
phosphorylated primary metabolites using selective metal oxide enrichment and 
GC- and IC-MS/MS, Talanta 205 (2019) 120147. 

[209] Q.A. Soltow, F.H. Strobel, K.G. Mansfield, L. Wachtman, Y. Park, D.P. Jones, 
High-performance metabolic profiling with dual chromatography-Fourier- 
transform mass spectrometry (DC-FTMS) for study of the exposome, 
Metabolomics 9 (2013) S132–S143. 

[210] A. Le, J. Mak, T.M. Cowan, Metabolic profiling by Reversed-phase/ion-exchange 
mass spectrometry, J. Chromatogr. B 1143 (2020) 122072. 

[211] M.-X. Chen, Z.-Y. Cal, Y. Jiang, Z.-W. Zhu, Direct determination of glyphosate and 
its major metabolite, aminomethylphosphonic acid, in fruits and vegetables by 
mixed-mode hydrophilic interaction/weak anion-exchange liquid 
chromatography coupled with electrospray tandem mass spectrometry, 
J. Chromatogr. A 1272 (2013) 90–99. 

[212] R. Tharakan, D. Tao, C. Ubaida-Mohien, R.R. Dinglasan, D.R. Graham, Integrated 
microfluidic chip and online SCX separation allows untargeted nanoscale 
metabolomic and peptidomic profling, J. Proteome Res. 14 (2015) 1621–1626. 

[213] J. Weiss, Handbook of Ion Chromatography, Wiley, Germany, 2016, pp. 588–590. 
[214] F. Michopoulos, N. Whalley, G. Theodoridis, I.D. Wilson, T.P.J. Dunkley, S. 

E. Critchlow, Targeted profiling of polar intracellular metabolites using ion-pair- 
high performance liquid chromatography and -ultra-high-performance liquid 
chromatography coupled to tandem mass spectrometry: applications to serum, 
urine and tissue extracts, J. Chromatogr. A 1349 (2014) 60–68. 

[215] J.M. Knee, T.Z. Rzezniczak, A. Barsch, K.Z. Guo, T.J.S. Merritt, A novel ion- 
pairing LC/MS metabolomics protocol for study of a variety of biologically 
relevant polar metabolites, J. Chromatogr. B 936 (2013) 63–73. 

[216] F. Madrid-Gambin, S. Oller, S. Marco, O.J. Pozo, C. Andres-Lacueva, R. Llorach, 
Quantitative plasma profiling by 1H NMR-based metabolomics: impact of sample 
pretreatment, Front. Mol. Biosci. 10 (2023) 1125532. 

[217] C.E. McHugh, T.L. Flott, C.R. Schooff, Z. Smiley, M.A. Puskarich, D.D. Myers, J. 
G. Younger, A.E. Jones, K.A. Stringer, Rapid, reproducible, quantifiable NMR 
metabolomics: methanol and methanol:chloroform precipitation for.removal of 
macromolecules in serum and whole blood, Metabolites 8 (2018) 93. 

[218] K. Sidhom, P.O. Obi, A. Saleem, A review of exosomal isolation methods: is size 
exclusion chromatography the best option? Int. J. Mol. Sci. 21 (2020) 6466. 

[219] D. Veyel, E.M. Sokolowska, J.C. Moreno, S. Kierszniowska, J. Cichon, 
I. Wojciechowska, M. Luzarowski, M. Kosmacz, J. Szalchetko, M. Gorka, 
M. Meret, A. Graf, E.H. Meyer, L. Willmitzer, A. Skirycz, PROMIS, global analysis 
of PROtein-metabolite interactions using size separation in Arabidopsis thaliana, 
J. Biol. Chem. 293 (2018) 12440–12453. 

[220] M. Smolarz, A. Kurczyk, K. Jelonek, J. Zyla, L. Mielanczyk, M. Sitkiewicz, 
M. Pietrowska, J. Polanska, W. Rzyman, P. Widlak, The lipid composition of 
serum-derived small extracellular vesicles in participants of a lung cancer 
screening study, Cancers 13 (2021) 3414. 

[221] R. Hayasaka, S. Tabata, M. Hasebe, S. Ikeda, T. Hikita, C. Oneyama, J. Yoshitake, 
D. Onoshima, K. Takahashi, T. Shibata, K. Uchida, Y. Baba, T. Soga, M. Tomita, 
A. Hirayama, Metabolomics of small extracellular vesicles derived from isocitrate 
dehydrogenase 1-mutant HCT116 cells collected by semi-automated size 
exclusion chromatography, Front. Mol. Biosci. 9 (2023) 1049402. 

[222] M. Persicke, J. Plassmeier, H. Neuweger, C. Ruckert, A. Puhler, J. Kalinowski, Size 
exclusion chromatography - an improved method to harvest Cornyebacterium 
glutamicum cells for the analysis of cytosolic metabolites, J. Biotechnol. 154 
(2011) 171–178. 

[223] I. Muckenschnabel, R. Falchetto, L.M. Mayr, I. Filipuzzi, SpeedScreen: label-free 
liquid chromatography-mass spectrometry-based high-throughput screening for 
the discovery of orphan protein ligands, Anal. Biochem. 324 (2004) 241–249. 

[224] D.S. Hage, J.A. Anguizola, A.J. Jackson, R. Matsuda, E. Papastavros, 
E. Pfaunmiller, Z. Tong, J. Vargas-Badilla, M.J. Yoo, X. Zheng, Chromatographic 
analysis of drug interactions in the serum proteome, Anal. Methods 3 (2011) 
1449–1460. 

[225] D.S. Hage, S.A. Tweed, Recent advances in chromatographic and electrophoretic 
methods for the study of drug-protein interactions, J. Chromatogr. B 699 (1997) 
499–528. 

[226] N.M. Cassiano, V.V. Lima, R.V. Oliveira, A.C. De Pietro, Q.B. Cass, Development 
of restricted-access media supports and their application to the direct analysis of 
biological fluid samples via high-performance liquid chromatography, Anal. 
Bioanal. Chem. 384 (2006) 1462–1469. 

[227] R.N. Xu, L. Fan, M.J. Rieser, T.A. El-Shourbagy, Recent advances in high- 
throughput quantitative bioanalysis by LC-MS/MS, J. Pharm. Biomed. Anal. 44 
(2007) 342–355. 

[228] S. Souverain, S. Rudaz, J.L. Veuthey, Restricted access materials, and large 
particle supports for on-line sample preparation: an attractive approach for 
biological fluids analysis, J. Chromatogr. B 801 (2004) 141–156. 
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