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Abstract
Liquid chromatography (LC) hyphenated to mass spectrometry is the currently the most widely used means of determining metabolic phenotypes via both untargeted and targeted analysis. Currently a range of analytical separations, including reversed-phase, hydrophilic interaction and ion-pair LC are employed to maximise metabolome coverage with ultra (high) performance liquid chromatography (U(H)PLC) increasingly displacing conventional high performance liquid chromatography because of the need for short analysis times and high peak capacity in such applications. However, it is widely recognized that these methodologies do not entirely solve the problems facing researchers trying to perform comprehensive metabolic phenotyping and in addition to these “routine” approaches there are continuing investigations of alternative separation methods. These involve either new stationary phases or multidimensional combinations of the more conventional materials currently used, as well as application of miniaturisation or “new” approaches such as supercritical HP and UHP- chromatographic separations. There is also a considerable amount of interest in the combination of chromatographic and ion mobility separations, with the latter providing both an increase in resolution and the potential to provide additional structural information via the determination of molecular collision cross section data. However, key problems remain to be solved including ensuring quality, comparability across different laboratories and the ever present difficulty of identifying unknowns.  
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1. Introduction

The use of metabolic phenotyping approaches (metabonomics/metabolomics [1,2] for discovering biomarkers of changes in metabolite profiles as organisms respond to changes due to growth and development, disease and therapeutic interventions etc., is an established, but still expanding, field of research.  In areas such as disease the hope (often frustrated) is that the detection of disrupted metabolic pathways will provide biomarkers giving direct, mechanistic, insight into disease processes that can be exploited to monitor, or predict outcomes of therapy. Metabolic phenotyping (metabotyping [3]), when coupled to an understanding of the biochemical changes that it reveals, offers a hypothesis free means of generating testable hypotheses.  The approaches used for metabotyping fall broadly into two classes, targeted and untargeted metabolic profiling [4–6]
Although the distinction between the two is often blurred, and within each class  there can be a number of intermediate or subclasses (with some assays performing both in the same run). Whilst many analytical methods are in use for metabotyping, including 1H NMR spectroscopy [7],  direct infusion MS  (DIMS) [8], liquid chromatography-mass spectrometry LC-MS [9,10], capillary electrophoresis-mass spectrometry CE-MS [11,12]) and supercritical fluid chromatography-mass spectrometry SFC-MS [13] the major metabotyping method is now arguably LC-MS. However, certainly in the case of untargeted metabolic phenotyping,  a persistent, and currently intractable, problem is that none of the current methodologies is capable of providing the required comprehensive analysis of all the structurally diverse classes of metabolite in a single separation. Indeed, attempts at the characterization of the metabolic complement of biofluids and tissue extracts routinely deploy several types of separation. These are usually based on combinations of reversed-phase (RP), hydrophilic interaction (HILIC) and ion pair chromatography (IPC), and both positive and negative modes of ionisation for MS detection. Untargeted metabotyping is most often undertaken using a time-of-flight (ToF), ion trap or “Orbitrap” mass spectrometer and aims to obtain as comprehensive a metabolic profile, within the limits of the selected separation/ionisation modes, as possible. For these “comprehensive” metabolic phenotyping methods there is of course an inevitable compromise to be made between speed of analysis, to maximise sample throughput, and maximising the number of metabolites detected. This underlying tension inevitably means that some loss of metabolome coverage must be accepted in the timely pursuit of potential biomarkers. However, given the diverse nature of the molecules that comprise the metabolome it has to be recognized that the attainment of truly comprehensive profiles is that probably unattainable using any of the currently available technologies. Even so, whilst obtaining full metabolic profiles remains an aspiration, this has not prevented untargeted methods from highlighting novel and unexpected metabolites/combinations of metabolites as potential biomarkers based on this “holistic”, and hypothesis free, approach to metabolic phenotyping.  

Currently numerous rapid, high throughput methods capable of providing untargeted profiling, and based on LC-MS, are available that can be applied to the investigation of research problems in biomedicine and the life sciences in general.   Here the current state of play for untargeted LC-MS-based methods, and the potential for others such as SFC, for metabolic phenotyping are considered, highlighting the advantages and limitations of this approach and suggesting likely directions for future development. 

2. LC-MS Based Approaches to Untargeted Metabolic Phenotyping
As a result of the widespread availability, and ease of use of the instrumentation, untargeted metabolic phenotyping by HPLC-MS with electrospray ionisation (ESI) in positive and negative ionisation modes currently represents the major platform for this type of analysis. Whilst capable of providing useful metabolite profiles conventional HPLC separations have increasingly been displaced by ultra (high) performance U(H)P  LC-MS methods (based on sub 2µm particle stationary phases (both fully porous [14,15] or core shell particles [16]). In comparison with HPLC, these U(H)P LC methods offer significantly improved chromatographic efficiency than their HPLC counterparts, and thus much higher resolution separations. The introduction of these U(H)PLC methods has therefore provided enhanced sensitivity, due to the generation of sharper peaks and reductions in peak overlap (leading to reduced ion suppression), and increased both productivity and metabolome coverage.  With careful selection of column chemistries and LC conditions rapid analysis and the high (structure dependent) sensitivity of MS enables the analysis of a diverse range metabolite classes, extending from polar, hydrophilic, compounds such as e.g., amino acids and carbohydrates to hydrophobic lipids. However, as alluded to above, none of the currently available separation modes in LC offers the ability to monitor the whole range of polarities encountered in metabotyping studies. As a result reasonably comprehensive metabolome analysis can only be attained using a combination of reversed-phase- (RP), hydrophobic interaction (HILIC) or ion pair (IP) LC (used for particularly troublesome metabolites) as discussed below. 
When analysis is required for “simple” aqueous biofluid samples such as urine it is often possible to proceed with minimal sample preparation, such as centrifugation/ (or filtration) and subsequent dilution. Occasionally, especially with rodent urine samples, precipitation of proteins is required to protect the column and this becomes essential for samples such as plasma/serum where protein precipitation is essential (unless a technique such as “turbulent flow” chromatography, which permits the direct injection of such samples is used [17]). Solid (or semi-solid) samples such as tissues, feces etc., require extraction before analysis and, depending upon the sample, aqueous, organic (and mixtures of aqueous-organic) solvents can be employed. Often there is a requirement for the extraction to be optimised for the matrix under investigation (various protocols describing this type of sample preparation for e.g., feces and tissues have been reported [18,19]). Typically, for untargeted  RP-U(H)PLC applications designed to profile medium and non-polar metabolites, solvent gradient-based separations on 2.1 mm i.d. columns, ranging in length from 5 to 15 cm, with flow rates of 4-600 µl/min and analysis times from 7.5 to 30 min are employed. Such gradient UPLC separations can provide narrow peaks (ca. 1-3 seconds at the base) resulting in peak capacities in the region of 300 to 350 for a 10-15 minute gradient.  However, for reasons of increased sensitivity and reduced sample and solvent consumption (providing both economic and environmental advantages) there are advantages to moving towards narrow bore separations on e.g., 1 mm diameter columns.  Indeed, the reduction of column diameter from 2.1 to 1mm can provide a significant improvement in sensitivity (2 to 3.5-fold) and reduce both sample and solvent usage 5 fold. These advantages were demonstrated in an early example of the use of the narrow bore format where a 100 mm by 1 mm i.d. column was used (together with 1H NMR spectroscopy) to profile rodent urine in an investigation of the effects of pravastatin in the rat [20].  More recently advantages of using of a 1 mm i.d. column compared to the same sample analysed on the equivalent  format 2.1 mm i.d. column have been demonstrated (see Figure 1.) [21]. As well as using reduced column diameters higher throughput analysis can be undertaken via the use of shorter gradient times and an early, 2-minute gradient, U(H)PLC-MS example [14] achieved results that were similar  to those obtained in conventional HPLC separations based on a 10-minute analysis. A more recent investigation, termed “RAMMP” (Rapid Microbore Metabolic Profiling) confirmed the value of this approach for the high throughput screening/ analysis of samples [22]. 
[image: ]
Figure 1. An example of BPI chromatograms of pooled human urine samples (QC) injected on A) 2.1 mm i.d. and 1 mm i.d. column using same gradient program and injection volume. Reprinted with permission from Gray et. al (21)

Where samples contain large amounts of lipids to be profiled, such as deproteinized plasma/serum extracts, or organic solvent extracts of tissue, the gradient conditions used for chromatography, and the mobile phases can usefully be optimized (with e.g., the inclusion of isopropyl alcohol (IPA)), so as to maximize the resolution of these nonpolar analytes, leading ultimately to dedicated “lipidomic” separations such as those described in references[23–27] . 

The use of high temperature (HT) LC, with the separation either performed at elevated temperatures or via thermal gradients, can have some advantages such as reduced phase viscosity, and increased eluotropic strength of the solvent, reducing the amount of organic modifier required. HT-U(H)PLC/MS has been applied to the profiling of urine has been demonstrated, either using isothermal conditions, at 90°C [28]or with a temperature gradient (50 to 180oC) [29].  

Clearly the poor retention of highly polar/ionic substances in RPLC-based metabotyping methods limits the metabolome coverage possible using this approach and whilst e.g., porous graphitic carbon (PGC) is much more retentive, and e.g., has been applied to the separation of nucleotides and their sugar derivatives, sugar phosphates etc., [30,31], the analysis of other types of polar metabolites is precluded by poor peak shape and/or excessive retention on the column [32].  So whilst RPLC is probably the “workhorse” for metabolite profiling for polar metabolites that are not well retained in this mode of chromatography the first choice for their separation is generally HILIC.  Numerous HILIC stationary phases are available including both silica and non-silica-based materials. These phase include unmodified silica itself, and aminopropyl-, amide-, poly(succinimide)-, diol-, cyanopropyl- and sulfoalkylbetaine-bonded materials etc., [33] and zwitterionic materials. Of the zwitterionic phases the most widely used is the amide-bonded silica.  HILIC separations, in contrast to RPLC, use mobile phases prepared with high concentrations of solvents such as acetonitrile (usually >90% v/v), with retention modified by the addition of water and various buffer salts [33–45]. An early example of the application of untargeted HILIC-MS to the metabotyping of rat urine, following  exposure of the animals to the hepatotoxin  galactosamine, found that  urocanic acid, N-acetylglucosamine, and tyramine concentrations were raised as a result of administration relative to control rats, whilst those of 2-oxoglutarate declined [42].  In gradient HILIC applications analyte elution comes about via the gradual increase in the proportion of water in the mobile phase. The use of these high-organic mobile phases has potential advantages as these can result in higher MS sensitivity due to increased ionization efficiency. An advantage of HILIC over conventional normal phase chromatography, which it resembles, is its greater tolerance to water-containing samples (e.g., urine or plasma extracts). However, chromatographic peaks obtained with HILIC are often wider, and more asymmetric, than those seen for RPLC, resulting in a concomitant reduction in peak capacity in comparison. Another relative disadvantage compared to RPLC is that longer column re-equilibration times are often required for HILIC-based separations. As a result of its ability to enable the analysis of polar compounds, and notwithstanding the minor disadvantages with respect to chromatographic efficiency and equilibration times, the uptake of HILIC for metabotyping, particularly in combination with RPLC has been high. For samples such as urine, which contains many highly polar metabolites, HILIC has been shown to give advantageous results compared to both RPLC and aqueous normal phase (ANP) LC [37] with e.g., HILIC on a DIOL column showing excellent results for polar metabolites compared to RPLC.  

Although HILIC is widely used profiling polar metabolites it is by no means the only approach available, with IPC (ion pair chromatography), ion exchange (IELC) or ion chromatography (IC) and aqueous normal phase (ANP) LC forming obvious alternatives. That said, currently it is the case that, apart from IPC, the exploitation of these alternative modes of LC for polar metabolites has been relatively low (see e.g.[46–49]) compared to HILIC. However, for those compounds for which HILIC does not provide a solution, such as a wide range of cationic metabolites, IPC has proved to represent a very successful option [32,50–53]with IP reagents such as tributylamine (TBA) used to obtain acceptable retention.  Many of the applications of IPC in metabolic phenotyping research have involved targeted (or semi-targeted) analysis, of e.g. central carbon metabolites but there is no particular reason why IPC cannot be applied to untargeted metabotyping.  Commonly strong carboxylic acids, e.g., heptafluorobutyric acid (HFBA) or alkylamines including tributyl- or hexylamine (TBA, HA) are the IP reagents are employed for the metabolic profiling of “difficult” polar metabolites. The main drawback of the IPC approach when used in combination with MS is the unavoidable contamination of the system by the IP reagent.  This contamination makes the MS effectively unusable in positive ESI unless time consuming measures are taken to clean the instrumentation, which can result in extensive downtime. The practical result of this is that the adoption of this approach may require the dedication of an LC-MS system solely to IPC. Another practical limitation of IPC is slow column equilibration, leading to changes in retention time unless a large number (up to 40) injections of the matrix to be analysed are performed prior to analysis, particularly for new columns, which may require extensive conditioning [32]. 

Multi-column and Multi-dimensional LC Separations for Untargeted Analysis.

Given that obtaining comprehensive metabolome coverage is best achieved using several different column chemistries the combination of HILIC and  RP-based methods separations probably represents the most pragmatic approach to profiling polar, “midpolar” and nonpolar metabolites (although recently the combination of graphitized porous carbon (GPC) and C18 bonded column using a 2-D format has been described[54]. Usually these analyses are undertaken them separately, combining HILIC and RPLC together, in a single analysis, has shown by a number of groups using strategies involving column switching (e.g.,[54–56]), coupled-column separations, [57–63] and simultaneous parallel separations using 2 columns (e.g., [64]). 

The column switching-based techniques provided improved coverage of the metabolome coverage via the use of a HILIC separation, with a gradient optimized for polar compounds followed by a short C18-bonded “transfer” where un-retained apolar compounds were collected prior to being back-flushed onto a conventional C-18-bonded profiling Figure 2 [55]. The instrumental setup provided an analysis time of 50 min/sample. This methodology was applied to the characterization of the metabolic phenotypes of urine obtained from lung cancer patients with some 840 metabolites detected.  [56]. From this large collection of metabolites 10 potential lung cancer biomarkers were 10 detected in the ca. 580 compounds detected in the HILIC segment of the analysis with another possible biomarker found among the ca. 260 metabolites seen in the eluent from the C18 RP column. The use of the GPC phase (3 um, 2.1 x 150 mm column) to retain and separate polar metabolites, with less polar substances collected and separated on a C18 U(H)PLC 1.8 um 2.1 mm x 100mm column) enabled both untargeted and targeted (for 110 cancer-related metabolites) analysis of  human plasma [54]. Following trapping of metabolites on both columns those retained on the C18 column were eluted first and then those on the GPC phase.  

[bookmark: _GoBack]Another option for increasing metabolome coverage is to use columns coupled in series [54–63].  This approach has been demonstrated for profiling both polar and nonpolar phenols in wine with coupled Poroshell C18 RP and ZIC HILIC columns in series. The retention of the non-retained polar compounds eluting from the RP column was ensured by delivering ACN from a second pump, via a T-piece placed between the two columns, to alter the composition of the eluent so that retention of polar analytes on the HILIC column resulted. This method enabled both polar and apolar analytes in wine to be separated with an overall analysis time of 27 min [57] . A similar instrumental setup using a combination of serial UP-RPLC- ZIC-HILIC-coupled columns to  profile a broad range of analytes in a single analysis was demonstrated for the  separation of mixtures of tricarboxylic acid cycle intermediates and bile acids and was applied to the components present in a beer extract [58] with the analysis being performed in 37 min. Other examples of HILIC and RP columns linked in series have also been shown to provide the retention of both polar and nonpolar components with application to the metabolic phenotyping of mouse serum [59]  with the system also used subsequently by others to study changes in the plasma of in apolipoprotein E-deficient  mice [60]. RP-HILIC coupling has also been applied to the mapping of the human urinary metabolome [61]. 
[image: ]
Figure 2. Base peak chromatograms (BPC) of urine of a healthy male Sprague–Dawley rat separated (A) on single HILIC column and (B) on the HILIC-/RP-column-switching HPLC–ESI-MS system. The signals of the polar metabolites in the BPC separated on were recorded in the first 25min, after 25 min the valves were switched simultaneously and the separation of the weakly polar and apolar metabolites was recorded sequentially in the following 30min in the same BPC. Reprinted with permission from Wang et. al (55)


An alternative to both column switching and serial column coupling is to undertake separations on both RP and HILIC columns connected in parallel simultaneously, as has been demonstrated for the determination of ca. 30 central carbon metabolites [62] In this method samples were injected onto both columns (using a ten-port valve) and then separations were undertaken using solvent systems optimized for the different column chemistries (delivered via by separate LC systems) and with the eluents combined for MS detection with a total analysis time of 15 min. 

Miniaturization.

The separation strategies adopted above are all based on the use of relatively conventional formats in terms of column geometries and solvent delivery systems. However, smaller formats, including micro bore (0.5 mm i.d.) and capillary columns, whilst not widely employed as yet, may also provide further advantages especially where e.g., samples are limited in quantity. Early examples of the use of the capillary LC format can be found in the metabolic profiling of an extract of the plant Aradopsis thaliana  on  0.2 mm i.d. monolithic C18 bonded silica columns (30 to 90 cm in length)[63] . The analysis of urine  obtained from Zucker rats  using gradient capillary LC-MS on a short 10 cm x 320 μm column packed with a 3.5 μm C18 bonded phase has also been demonstrated [64].  The use of longer (200 cm) capillaries (50 μm id fused silica, containing a 3 μm porous C-18stationary phase) enabled very high peak numbers (ca. 5000 metabolites) for extracts of cell lysates of the microbe Shewanella oneidnesis [65] to be obtained.  However, the cost of this impressive result was long analysis times (> 30h). In addition, very high pressures (20K psi) were required in order to perform the separation. More recent publications suggest a renewed interest in in micro (or nano) scale LC with applications to the profiling of polar cationic metabolites in human CSF [66], polar anionic metabolites in Hela cells, mouse brain extracts and human-derived plasma and CSF. This method was based on the use of a polyamine-bonded apHera NH2 column (20 cm length, 8 μm opening, filled with apHera NH2 gel 5 μm, Supelco, PA) that was able to retain polar metabolites such organic acids, sulfates, and phosphates. The authors did however, find that for good results with multiply phosphorylated or carboxylated analytes the presence of small amounts of EDTA in the sample solution was required [67]. An IPC method using TBA with a 100 μm i.d. C18 column has also been described and applied to the analysis of a range of standards ( nucleotides, phosphorylated sugars, organic acids and CoA thioesters etc.) and cell extracts of Methylobacterium extorquens AM1[68]. Obtaining good results required the use of a high mobile phase pH (9.4). More recently preliminary results have been obtained on a commercially produced 150µm ID micro fluidic LC. This was used to analyse the lipids extracted both from a dried blood spot (after administration of a cholesterol-lowering drug) and the components of rat and dog bile indicated that the system was capable of handling 100 injections of the latter without loss of performance [9]. 

Supercritical Fluid Chromatography (SFC)

Supercritical fluid chromatography (SFC) has a number of properties that make it useful for the separation of a wide range of both polar and non-polar compounds. Indeed SFC/MS arguably provides an intermediate, complementary technique that can be used to supplement the capabilities of RP- and HILIC for metabotyping biological samples. In potential therefore, SFC may have much to offer to the practice of metabolic phenotyping.  The different selectivity that SFC provides compared to RPLC combined with the rapid and efficient separations, including peak widths of ca. 3 seconds at the base provided by SFC/MS with sub-2 µm particles and retention times with e.g., RSD’s < 1 %) make the technique very attractive. That said, the relatively recent introduction of U(P)SFC means that applications to date are relatively sparse and mainly to the analysis of lipids in lipidomics studies (e.g., see [13,69,70].  As well as analytical versatility SFC/MS may also provide both economic and environmental benefits to laboratories that adopt it by reducing the use of organic solvents impacting on consumables and waste disposal costs (both of which can be significant when large numbers of samples are analysed in high throughput environments). SFC provides separations that are not dissimilar to those obtained in NPLC and both isocratic and gradient modes can be used in order to elute metabolites. Supercritical CO2 provides the “weak” eluent and is typically modified using solvents such as methanol or isopropyl alcohol (IPA) etc., often with a weak acid or base added to the organic solvent to help to elute polar/ionic metabolites and improve their peak shapes.  An early application of SFC-MS was to the analysis of bile samples obtained from surgically prepared rats and dogs was performed by [71] UHPSFC/MS on a 2.1 x 150mm 1.7µm BEH C18 UPLC column (at 60ºC) with gradient elution with methanol used to modify the supercritical CO2. A 12 min linear gradient from 1 to 10% methanol was used with -ve ESI and MSe used for the detection and identification components such as bile acids. Excellent peak shapes were obtained and the robustness of SFC for this matrix was demonstrated by the comparability of the pooled QC samples over a 100 sample run, the reproducibility of the retention times of e.g., ursodeoxycholic,  glycoursodeoxycholic  and taurocholic acids with RSDs of 0.38%, 0.10% and 0.11% respectively, and an absence of any increase in column backpressure over the course of the analysis. When unsupervised multivariate statistical analysis was performed on the data generated in this study, the PCA scores plot showed an unambiguous separation between rat and dog bile samples.  
Whilst there has been a good uptake of SFC for the separation of non-polar lipids and medium polar compounds, such as bile acids, its use for polar metabolites has been relatively unexplored. However, a recent, and comprehensive study of the SFC conditions needed to successfully separate metabolites in the polarity range  −7 ≤ cLogP ≤ 2, such as often occur in e.g. urine has been undertaken [72]. This study examined a total of 12 stationary phases using CO2-methanol-based mobile phases containing various additives, at 3 temperatures. The study found that specifically designed hybrid SFC stationary phases, particularly the “Torus” Diol-stationary phase, gave the best performance for polar analytes providing good resolution, narrow peaks and a relatively even peak distribution over the retention time range examined. The potential of this approach was illustrated through an application to the analysis of human urine, using a 7.35 min gradient and either 5% water or 20mM ammonium formate in methanol as the modifier (Figure 3). 
[image: ] 
Figure 3 Results of method development study for SFC separation of polar urinary metabolites. (A) illustrates the effect of column and modifier selection on chromatographic separation for polar analyte standards spiked into human urine (1:caffeine, 2:cytosine and 3:uridine); in (B), the cytosine peak from each separation shown in (A) is magnified, to show the improvement in peak symmetry upon replacement of the BEH 2-EP column with the Torus Diol column. Reprinted with permission from San et. al (72)

Clearly LC/MS using RP-U(H)PLC is still the first option for the untargeted analysis of mid to non-polar metabolites, with HILIC used for more hydrophilic metabolites. However, SFC offers an interesting alternative for lipidomics, with interesting and underexploited capabilities for mid- and very polar compounds.  In a recent study the application of SFC-MS for analysis of both polar and non-polar  metabolites (ranging in Log P from -6 to 11) was attempted in a single  analysis [73]. Chromatography was based on a solvent gradient from 98% CO2 to 100%  organic modifier  (a mixture of 95:5 % MeOH-H2O water, containing 50 mM ammonium formate and 1 mM ammonium fluoride)  was employed [73]. The most suitable SFC stationary phases were two sub-3 μm superficially porous materials, either a bare silica phase (Poroshell HILIC) or silica modified with a zwitterionic ligand (Nucleoshell HILIC).  When tested using metabolites covering a wide range of different classes and polarities some 65% gave “excellent” peak shapes (Figure 4). A further 23% could be chromatographed under these conditions but gave distorted peaks whilst remainder of the analytes, mainly those  containing multiple phosphate or carboxylic acid groups, were not detected.
[image: ]
Figure 4- Proportions of non-detected peaks (red), distorted peaks (orange) and Gaussian peaks (green) obtained on the seven tested stationary phases. Mobile phase: CO2 + 10 mM in MeOH/water (95:5). Mobile phase temperature of 40 ◦ C and backpressure of 120 bar Reprinted with permission from Desfontaine et. al (73)
Ion mobility spectrometry combined with LC-MS
The availability of ion mobility spectrometry (IMS) on many modern MS instruments offers many opportunities in metabolic phenotypying for both increasing the separation of analytes prior to MS and for metabolite characterization (through drift time or collision cross section CCS measurements). An early example of LC-IMS-MS to rat urine [74] demonstrated  “proof of concept”  and was followed by the use of UHPLC-IMS-MS for the profiling of metabolites in protein-precipitated human saliva to investigate exercise-induced physiological stress [75] with δ-valerolactam  identified, based on a combination of LC-retention time, IM drift time and MS data, as a possible marker (Figure 5). 
[image: ]
Figure 5- (A) UHPLC–IM–MS metabonomic analysis of saliva extract. a UHPLC total ion chromatogram, b total ion mobility drift time plot summed over the entire chromatographic run, c retention time vs ion mobility drift time heatmap (B) A supervised orthogonal partial least squares-discriminant analysis (OPLS-DA) model, distinguishing between the two classes of samples (before- exercise and after-exercise salivasamples)Component1(14.44%)& Component 2 (8.26 %) Reprinted with permission from Malkar et. al (75)

A further example of the combination of UPLC with IMS and MS that showed the effects of column length and analysis time on the number of features detected during the analysis of human urine has recently been described (Figure 6) [76]. 
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Figure 6- Principal Components Analysis (Pc1/Pc2) of data obtained from replicate (n 1⁄4 6) analysis of human urine using a 7.5 min UPLC/MS and UPLC LC/IMS/MS analysis on a 75 mm column. Reprinted with permission from Rainville et. al (76)
LC-IMS-MS systems are beginning to be used in untargeted metabotyping, and by providing increased resolution of analytes as a result of their differential migration in the IMS and aiding identification based on CCS values, will add great value to untargeted methods. In our view these applications will rapidly increase in number.


Quality Control and Quality Assurance 
The existential problem that faces those performing metabolic phenotyping using untargeted metabolomics, where several hundreds to thousands of metabolites can be detected in samples (where the nature and identity of these analytes is not known prior to analysis) is that it is simply not feasible, both technically and economically, to add internal standards for every compound.  Whilst this problem has been partially addressed by the use of e.g. differentially isotopically labelled derivatising reagents (e.g. see [77–79] or the incorporation of extracts of e.g., micro-organisms produced using cultures obtained via stable isotope-containing growth media, (e.g., see [80]) neither is entirely satisfactory. So, whilst the use of derivatisation has undoubted advantages in certain circumstances it requires as a minimum, an additional step and suitably labelled reagents (that must be available at modest cost if many hundreds of samples are to be analysed) and is often specific to particular functional groups (though this in itself may be considered to be an advantage depending upon the application).  The use of isotope-enriched extracts of micro-organisms is interesting, but obviously may not cover many extracellular, or non-microbial, metabolites. Consequentially, in untargeted metabolic phenotyping it is currently nigh on impossible to determine such  things as absolute quantities of analytes, and those cornerstones of quantitative analytical chemistry, accuracy, precision, linearity and limits of detection and quantification are also out of scope.  However, by implementing well thought through approaches to quality assurance (QA) and quality control (QC) it should be possible to clearly demonstrate that the data generated from untargeted profiling are useful. QA and QC represent two separate but intimately related approaches to ensuring the validity of analytical data, and both are essential in an untargeted metabolomics workflow. QA is the sum of the activities undertaken to ensure that e.g., sample collection, labelling, recording storage etc., are correct and appropriate so that any subsequent analysis can be undertaken with confidence. On the other hand QC includes the methods and techniques used to ensure that the actual analysis is performed as it should be, the data analysed appropriately and the results correctly reported. Clearly the use of appropriate approaches in LC-MS-based metabolomics is critical, and ensuring that acceptable repeatability/ reproducibility are obtained requires a major effort in terms of both QA and QA [81–88].  In the case of QC the use of “pooled” samples, where aliquots of the study samples are combined to provide a “mean” sample which is then reanalysed at regular intervals through the analytical run, initially proposed by Sangster et al. as a pragmatic approach to this problem [81] (2006) is now increasingly widespread  e.g., [81–88].  In an ideal analytical run, the QC samples would obviously give identical results to each other, and the variability between repeat analyses can be used to look at the repeatability of each individual feature (retention time/mass pair). Analysis of such data allows features to be banded into those which are acceptable with respect to precision and those which show such variability that they are unacceptable. Typically, the results for the features detected in the QCs can be banded into groups such as those showing overall CVs of better than 10%, 20% and 30% with the pragmatic acceptance criterion for untargeted data of a maximum of 30% CV (e.g. see [84] Dunn et al.,  2012, [88]Brunius et al., 2016[).   There is usually a clear relationship between signal intensity and CV, with signals of low intensity (and therefore subject to increased variation due to “noise”) showing the greatest variability [82,83]. The use of this type of QC is, of course, like any compromise not without limitations, so it goes without saying that if a metabolite is effectively  “diluted out” during the preparation of the QC it will not be detected  in the resulting analytical data and its relative precision cannot therefore be determined. There may also be matrix effects that cause analytes to behave differently in individual samples in ways that are not mimicked by a single QC, particularly if “test” and control samples differ greatly in composition (in such cases there is an argument for preparing QCs from both groups).  Whatever process is used to generate the pooled QC samples both it and the study samples must undergo the same storage and sample preparation procedures, at the same time, in order to ensure that the resulting measure of analytical precision is sound. Whatever strategies are performed in order to ensure the provision of good quality metabolic phenotyping data it must be remembered that, by their very nature, the LC-MS techniques employed for untargeted metabotyping are at best currently qualitative/semi quantitative providing fold change data on often unidentified compounds and comparison between different platforms (both LC and MS) is difficult [89].

Metabolite Identification 
A major “limitation” of untargeted metabolic phenotyping, that is also a major strength, is that it is a common occurrence that data analysis uncovers a number of highly significant features (mass/retention time pairs) that represent “unknowns”.  It seems unlikely that, in the near term, our knowledge of the metabolome will advance to the state where those of complex organisms are annotated to the extent that all the metabolites present are identified, commercially available and are fully described in data bases. Until this happens the untargeted LC-MS methods will still prove useful in the biomarker “discovery” phase of metabolic phenotyping studies but the well-known problems associated with the identification of these unknowns need to be addressed. The identification of unknowns can partly be done via greater access to standards and the development of ever more comprehensive data bases [90–96]. There is ever increasing interest in the research community in this area and resulting in efforts to set new standards for metabolite identification and reporting.   
 Figure 7 [97] summarize the workflow for metabolite identification according to the four levels described in the literature [91,93]. However, even if all of the MS data required for describing compounds that have been identified in the various metabolomes become available in data bases it may still not be enough for unequivocal identification of isomeric or chiral compounds [91,98–101]. Here chromatography clearly has a part to play but this comes with the complication that, whilst the spectral properties such as molecular mass can be used as accurate descriptors for individual metabolites, even if they are not unique to that compound, the most easily available chromatographic property, retention time, is an emergent property resulting from the combination of chromatographic stationary phase and solvent system employed for the separation [102–104]. Until the accurate prediction of retention times become an established fact it is clear that the field of metabolic phenotyping will need to rediscover the tools of natural product chemistry (detect, isolate, purify, identify!). 

Figure 7- Strategy for putative metabolite annotation or identification. Reprinted with permission from Rathahao-Paris et. al (97)

Advantages and limitations of untargeted metabolic phenotyping   
The untargeted metabolic phenotyping of samples, if correctly undertaken, clearly offers the best chance of detecting, novel and entirely unexpected “biomarkers” in a hypothesis free manner. In this context it is now clearly the case that the speed, convenience and ease of application of LC-MS approaches to untargeted metabolic phenotyping have resulted in this technology now being the dominant analytical platform in the field. Other factors that have helped to ensure this current position are the undoubted technical advances in chromatographic methods (both instrumentation and stationary phases) and in mass spectrometry where enhancements in performance have increased sensitivity and mass accuracy etc. As a result metabolome coverage, throughput and quality have all benefitted. However, to be useful the discriminating metabolites must be identified and a hypothesis generated as to how they might be mechanistically involved in the process under investigation. Following this the results must be confirmed by targeted, quantitative analysis on the sample set analysed by the untargeted methodology and  subsequently validated on a further, unrelated, set (or sets) of samples.

Conclusions
                                                                                                  
Once identities of potential biomarkers are known from the findings of either untargeted metabotyping studies, these can be confirmed via targeted approaches, using specific, fully validated, quantitative methods, with the potential for translation into e.g., disease-specific patterns of biomarkers.  The progression from discovery by metabolic phenotyping to established biomarker can follow the “classical” approach of untargeted discovery, through targeted confirmation by a bespoke method for validation/application or alternative, be based on targeted profiling alone, again followed by validation. The rapid, and continuing, improvements in separations, instrumentation software have resulted in greatly enhanced abilities to expand the coverage of the metabolome via the twin approaches of untargeted and targeted analytical methods. It is then to be devoutly hoped that the expenditure of so much effort and treasure will lead to increased understanding of the many biological systems to which they are, and will be in the future, applied.
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the analytica l system. Chromatographicpeakareasshowed

a linear response for injectionvolumesintherange1lLto

10 l L, with the response levellingoutabove15lL(data

shown in supplement ary informationﬁgureS1).Hence,a

10 l L inject ion volume ofsalivaextractwasusedfor

subse quent anal ysis and globalmetabolicproﬁlingstudies

as it lies in the dynam ic rangeoftheanalyticalmethod.

The resu lts of a UH PLCreproducibilitystudy(n=6)

of peak area and retention timearesummarised in

supplementaryinformationTableT1.Datashowlessthan

9%relativestandarddeviation(RSD)forchromatographic

peakareasandlessthan1%RSDforretentiontimes

acrosstherangeofthechromatogram.Thedatashowthat

themethodisconsistentandreliable,whichisrequiredfor

measuringsmalldifferencesinconcentrationofdetectable

metabolitesinmetabolicproﬁlingstudies.

3.2Targetedmetaboliteidentiﬁcation

ThenestedUHPLC–IM–MSdatasetcollectedfromasaliva

samplemaybeinterrogatedforthepresenceofatargeted

analyte.Figure3showsanexampleoftheextractedion

chromatogram(Fig.3a)andionmobilitydata(Fig.3c)for

atargetedanalyte,

L

-phenylalaninepresentinsaliva.Both

ionmobilityandretentiontimesshowaclosematchwitha

standardindicatingpositiveidentiﬁcationofthe

L

-phenyl-

alanineandthatmatrixeffectsdonotadverselyaffect

retentiontimes.Theshapeofthechromatographicandion

mobilitypeaks(Fig.3a,c)indicatesthepresenceofa

singlespecies.Selectionoftheappropriateretentiontime

andionmobilityregion(retentiontime1.21min,ion

mobilitybinnumbers64–68)for

L

-phenylalanineenhances

therelativemassspectralresponseoftheprotonatedamino

acid(Fig.3b,d).

3.3Globalmetaboliteproﬁlinganalysisofbefore-

exerciseandafter-exercisesalivasamples

TheUHPLC–IM–MSanalysisofsalivaextractsgeneratesa

complexdatasetconsistingofmass-to-chargeratio,chro-

matographicretentiontimeandionmobilitydrifttime.IM

separationbeingorthogonaltothatofliquidchromatographic

Fig. 1 UHPLC–IM–MS

metabonomic analysis of saliva

extract. a UHPLC total ion

chromatogram, b total ion

mobility drift time plot summed

over the entire chromatographic

run, c retention time vs ion

mobility drift time heatmap

Fig. 2 UHPLC–IM–MS analysisofsalivaextractbeforeandafter

optimisation of the T-wave IMparameters.aTotalionmobilitydrift

time plot (bins) prior to optimisationofIMparametersbTotalion

mobility drift time plot (bins) afteroptimisationofIMparameters
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physiologicalstressinthiscase,andtodisregardother

sourcesofvariationanOPLS-DAmodelwasused.Atotal

of 3,067normalised,Paretoscaledvariableswereusedto

constructthemodel,whichwasabletodistinguishbetween

the twoclassesofsamples(Fig.4b).

AloadingsS-plotwasconstructedusingtheOPLS-DA

modeltosegregatediscriminantmetabolites(shownin

supplementaryinformationFigureS2).Anumberofvari-

ableswereselectedfromextremeendsofthes-plotand

theirnormalisedtrendplotswerecomparedasini tial

screeningforpotentialbiomarkerions(datanotshown).

DiscriminantfeatureswereextractedfromtheS-plot and

wereveriﬁedbycomparingtheirextractedionchromato-

gram(EIC)fromrawdata.Figure5ashowsanexample of

therawdataforaselectedpotentialbiomarkerion ( m/z

100.07±0.02andaretentiontimeof1.31min)showing

up-regulationofthisionwithameanfoldchangeof 15.

Theretentiontimeandm/zdataforthismoleculewere used

Fig. 4aPrincipalcomponentanalysis(PCA)ofallsalivasamples

fromthestudy(before-exercise,after-exerciseandQCsamples)

Component1(14.17%)&Component2(12.68%).bAsupervised

orthogonalpartialleastsquares-discriminantanalysis(OPLS-DA)

model,distinguishingbetweenthetwoclassesofsamples(before-

exerciseandafter-exercisesalivasamples)Component1(14.44 %) &

Component2(8.26%)
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