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ABSTRACT

[bookmark: _GoBack]While, global metabolic profiling (untargeted metabolomics) has been the center of much interest and research activity in the past few decades, more recently targeted metabolomics approaches have begun to gain ground. These analyses are, to an extent, more hypothesis-driven, as they focus on a set of pre-defined metabolites and aim towards their determination, often to the point of absolute quantification. The continuous development of the technological platforms used in these studies facilitates the analysis of large numbers of well characterized metabolites present in complex matrices. The present review describes recent developments in the hyphenated chromatographic methods most often applied in targeted metabolomic/lipidomic studies (LC-MS/MS, CE-MS/MS, GC-MS/MS), highlighting applications in life and food/plant sciences. The review also underlines practical challenges-limitations that appear in such approaches.
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1. INTRODUCTION

Metabolomics/Metabonomics1–3 represents a rapidly evolving discipline that deals with the holistic analysis and study of small endogenous molecules (MW < 1500 Da), often referred to as metabolites. The analysis of metabolites aims to collect a holistic profile thus providing a snapshot of the metabolic phenotype (metabotype4) of cells, organs or organisms. In the last decade the field of metabolic phenotyping has experienced strong growth, with a large increase in the number of publications on the topic. This increase is largely the result of significant technical advances in the technological platforms used (such as e.g., mass spectrometry (MS) and 1H NMR spectroscopy5), for the simultaneous measurement of large numbers of endogenous compounds. The use or these information-rich analytical technologies for the metabotyping of matrices such as blood, tissues, urine, foods etc. is then combined with sophisticated statistical analysis of the large amounts of data generated from the analysis of such complex samples. This combination of data generation and multivariate analysis (such as principal components analysis (PCA)) has permitted the resulting phenotypic information to be mined for the discovery of potential biomarkers and has provided a more holistic description of the biochemical status of the systems/organisms under study. Consequently metabolomics finds wide application in research in the life and clinical sciences (particularly related to studies on e.g., the toxicity or efficacy of drugs, disease diagnosis and personalized medical treatment).
These kinds of studies can be separated into two categories: targeted and untargeted profiling. Untargeted approaches aim to provide the comprehensive analysis/detection of the metabolites present in the samples of interest. Untargeted metabolomics studies encompass the “omics” perspective of unbiased, hypothesis-free, analysis and offer the potential for hypothesis generation via the discovery of unexpected or unprecedented biomarkers6. However, it still remains difficult to combine the results obtained using untargeted profiling from different laboratories, or even different instruments within the same laboratory7. The validation of the findings from untargeted metabotyping therefore requires confirmatory, preferably quantitative, targeted analysis. This can be difficult as, with the current state of knowledge of the composition of the metabolome, the structure of many potential biomarkers is unknown at the time of discovery, and obtaining unequivocal identification can represent a very resource and time-consuming process. 
Targeted metabolomics methods focus on the detection of specific metabolites or groups of metabolites and can take a number of different forms. At their simplest, they are performed on limited list of metabolites (numbering from a few to several hundred) likely to have some relevance to the condition under study. In practice a targeted method can either focus on 1) a biosynthetic pathway (e.g. arginine pathway or the TCA cycle) where the whole pathway, or the majority of the molecules that comprise it, are determined, 2) a defined group of related metabolites (e.g. saccharides or lipids) which may be involved in different pathways or 3) a broad collection of known metabolites covering a range of structural classes designed to reflect changes in multiple pathways (sometimes referred to as “widely targeted” metabolomics8). In addition there is an approach that has been termed “pseudotargeted” metabolomics whereby potential biomarkers detected using untargeted approaches bases on e.g. LC-TOF-MS are specifically targeted during reanalysis based of the use of triple quadrupole instruments with multiple reaction monitoring (MRM), often in combination with different software9,10Eventually of course this may result in the development of assays containing a much more limited number of metabolites (from one to a few) for use as candidate biomarkers for hypothesis testing and validation. Figure 1 provides a schematic description of these approaches. 
Targeted methods provide often only qualitative (or semi-quantitative) “fold change” information on the compounds being determined. As such they are rather like the “holistic” metabolomics methods but with the advantage that the changes that may be observed are associated with known, well-characterized analytes. At the next level there are targeted quantitative methods that have been the subject of some level of validation. Like the qualitative targeted methods these can be used for the “discovery” of potential biomarkers, but can also be used for the “validation” of metabolites identified from a qualitative metabolic phenotyping approach. Such validation can be important; a recent study that compared amino acid profiles in the plasma of kidney transplant patients with both untargeted and targeted LC-MS/MS assays found that, whilst there were similarities between the results generated by both methods, significant differences were also apparent11. It is clearly also possible to deploy “hybrid” “Qual/Quan” targeted assays that combine both approaches with some metabolites determined quantitatively and a range of others “monitored” qualitatively for fold changes. Overall targeted approaches provide the advantage that the detection/quantification and validation of the predefined analytes5,12 is better  controlled in comparison to untargeted data which may be difficult to control and validate.
Such targeted analysis is currently performed using a range of analytical strategies, and many of these are based on the use of MS. In particular MS is used in methods employing either the direct infusion of samples (DIMS)13 or hyphenated to a separation of one sort or another. This review attempts to discuss the recent analytical methods and applications of this field as performed using hyphenated MS-based methods (e.g., LC-MS, SFC-MS, GC-MS and CE-MS) for targeted metabolomics and lipidomics. 
Currently LC-MS is the most widely applied platform for the targeted profiling of both polar and non-polar compounds, followed by CE-MS and GC-MS. CE-MS is used for the analysis of polar charged metabolites, while GC-MS is most often used for the analysis of volatile metabolites, or those that can be made volatile by chemical derivatisation.
As will become clear, in the pursuit of targeted metabolomic methods, numerous academic research groups and private enterprises have developed methods and protocols that cover the analysis of diverse classes of metabolites: hydrophilic compounds such as aminoacids, organic acids, saccharides etc., and lipophilic compounds such as lipids, eicosanoids, oxylipins, acylcarnitines, bile acids etc.
Here we attempt to cover the recent analytical methods, discuss critical aspects, remaining limitations and challenges for the field.

2. TARGETED METABOLIC PHENOTYPING VS CLINICAL CHEMISTRY

Before discussing the methodology used in targeted metabotyping it is, perhaps, worth digressing for a moment to define what constitutes a targeted metabolomic approach, and consider why it differs from “classical” clinical chemistry as, unsurprisingly, many of the methods used are rather similar in scope, if not output.  So, whilst a feature of the targeted metabolomic assays are that they are multi-analyte (and in this review we have restricted our coverage to those with more than 10 metabolites), this cannot be the sole distinction as many clinical assays are also multi-analyte. Probably the most significant difference is not in methodology but in purpose. The clinical biochemist is performing a personalized analysis in answer to a query from a clinician where the results from an individual, for molecules that are already known to be associated with a disease, are placed within the range of values for one, or many, targeted analytes to support/confirm a diagnosis or determine the efficacy of treatment. In targeted metabolomics studies the purpose is generally less to do with the individual as a patient and more the search for, or confirmation of, potential biomarkers that have been suggested via non-targeted profiling on e.g., a particular disease cohort or population via a comparison of the profiles from test and control groups (with heavy involvement in both of these scenarios of multivariate statistical techniques). It is therefore this distinction between experimental design and analysis of the data for biomarker discovery by sophisticated statistical analysis rather than for patient care that provides the major difference between “routine” clinical analysis and targeted metabolomics, not the analytical technologies and methods employed. Clearly, this interchangeability of samples and analytical techniques potentially provides interesting opportunities for both metabolic phenotyping and clinical analytical communities offering possible synergies and collaborations to the mutual benefit of both groups.

3. LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY (LC-MS) METHODS IN TARGETED APROACHES

As discussed above, LC-MS has become the major analytical platform in the field of metabolomics for both targeted and untargeted profiling14–16. Of the chromatographic methodologies developed thus far, none is able to provide complete coverage of all classes of metabolite in a single separation12,15. A recently published review describes new, large-scale/multi-targeted approaches that try to overcome such limitations, covering a wide range of metabolites17. In order to maximize the coverage of the chemically diverse compounds that comprise the metabolome a range of different modes of chromatography are currently used, including reversed-phase (RP), hydrophilic interaction (HILIC) and ion pair chromatography (IPC) for both  untargeted and targeted analysis. Thus, Figure 2a depicts the numbers of publications per chromatographic mode which are reporting the development of new, targeted methods (and does not include the much higher number of publications on applications of these methods). As can be seen RPLC methods represent the smallest proportion of the total number of methods developed but it should be noted that lipid profiling methods are not included in these numbers as these are discussed separately in section 6. The, often class-specific, diversity in chemical structures also requires MS to be operated in both positive and negative electron spray ionization (ESI) modes18. Whilst, untargeted profiling is usually performed using time-of-flight (ToF), ion trap or “Orbitrap” mass spectrometers, triple quadrupole instruments are the most commonly deployed MS instruments for  targeted metabolomics applications, followed by TOF- and ion trap MS-based analysers as shown in Figure 2b.
The sample preparation methods used in these cases generally depend on the matrix, but usually simple sample handling protocols are applied, often limited to protein precipitation, following a similar trend to the untargeted approaches. Elaborate sample treatments involving e.g. isolation by liquid-liquid, solid phase extraction or others have not been put in use so far in these applications. 

3.1 Chromatographic Methods
3.1.1. Reversed-phase liquid chromatography (RPLC)
[bookmark: OLE_LINK3][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK1][bookmark: OLE_LINK2]The compatibility of RPLC with aqueous biological samples has ensured its place as a commonly used separation mode for metabolomics analyses, in particular in the form of ultra (high) performance LC. In RP-U(H)PLC-MS-based metabolomics approaches short (100-150 mm) C18 columns are typically used at flow rates of 0.2-0.6 mL/min. Mobile phases are usually based on  acetonitrile (ACN) or methanol (MeOH) and water (H2O) with the addition of 0.1% formic acid (f.a.)8,19–22. In some cases volatile mobile phase additives (ammonium acetate (CH3COONH4), ammonium formate (HCOONH4) etc.,) are added to improve separation efficiency and detection sensitivity23–25. As an example, in one study HCOONH4was used as a mobile phase additive to improve the separation of the isobaric pairs of isomeric amino acids leucine/isoleucine and valine/norvaline25. In another study, acetic acid (CH3COOH) was found to be superior to f.a. and CH3COONH4for the determination of a wide range of urinary analytes, such as amino acids, sugars, vitamins, organic acids and nucleosides26.
Numerous multi-analyte methods, capable of targeting a broad range of metabolites have been developed both by individual research groups, commercial “kit-based” systems (e.g. from Biocrates) or available from contract research organizations (CROs) e.g., Metabolon, Metanomics Health etc. An example of an RPLC-MS/MS method covering a wide range of metabolites is thatdeveloped by Wei et al27enabling the determination and profiling of 205 endogenous metabolites, including amino acids, sugars, nucleic acids and organic acids. To achieve this required three different chromatographic systems (columns and mobile phases) to be used sequentially, with detection in both positive and negative ionization modes. The mobile phases used were 1) A: H2O + 0.1% CH3COOH B: ACN for amino acids and nucleobases2) A: H20 + 1% Hexafluoroisopropanol (HFIP) + 0.015% ammonium hydroxide (NH4OH) B: ACN for nucleotides, sugar, sugar phosphates and sugar alcohols, 3) A: ACN:H20 5:95 v/v + 5 mM CH3COONH4 B: ACN:H20 95:5 v/v for organic acids and some nucleotides, using Luna Phenyl-Hexyl, Atlantis T3 OBD and Synergi Polar-RP columns respectively. Another clever strategy for covering a wide range of metabolites was proposed by Chen et al22 combining both an untargeted and a targeted approach/method for the detection of more than 500 metabolites in human serum. The proposed workflow starts with untargeted analysis of pooled serum samples with a quadrupole-time-of-flight (Q-TOFMS) and ends with the implement of a targeted method on a triple quadrupole (QQQ) instrument operating in positive ion mode for the selected ion pairs derived from the preceded untargeted analysis.
Targeted methods for bile acids have been the focus of several research groups resulting in a number of methods and protocols for these analytes. The methods include a quantitative validated UPLC-MS method for the analysis of 31 major and minor bile acids in serum and liver samples of humans and rodents20, whilst an RP-UHPLC-MS method has been applied  to quantify, nearly 150 bile acids, including primary, secondary and tertiary bile acids, such as cholic acid, taurocholic acid, glycochenodeoxycholic acid, 5β-cholanicacid-3α, 6α-diol-7-one, 8(14),(5β)-cholenic acid-3α, 12α-diol, etc., in human plasma and liver extracts28.
Whilst RPLC is best suited to the separation of metabolites of low to medium polarity, it can also be used for the analysis of highly polar molecules if they are derivatized prior to analysis to modify chromatographic properties and improve detection23,24,29. For example amino compounds (e.g., amino acids and amino compounds in general) can be derivatized using a range of pre-column derivatization reagents: 9-fluorenylmethyl chloroformate (FMOC), butanol30 and others  as well as newer generation reagents such as 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate31,32, N-hydroxysuccinimide esters of N-alkylnicotinic acid (Cn-NA-NHS)33, p-N,N,N-trimethylammonioanilyl N'-hydroxysuccinimidyl carbamate iodide (TAHS)34 etc.  In Figure 3aa typical chromatogram for the separation of 20 amino acids derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate27is shown. Other derivatization reagents used include benzoyl chloride, used for the quantification of 70 metabolites in different kind of matrices (tissue, serum and CSF (cerebrospinal fluid) by Wong et al23. The analytes determined included different classes of neurologically relevant compounds, such as catecholamines, indoleamines, amino acids, polyamines, trace amines, antioxidants and energy compounds. Another reason for derivatization other than to modify chromatographic properties is to improve detectability. An example of this approach is found in the analysis of aldehydes and ketones which usually represents a challenge since these molecules ionize poorly and/or are often too small or too polar to be analyzed with RPLC. Siegel et al24 developed an “in-needle” derivatization prior to RPLC-QqTOF-MS for the quantification of metabolites containing aldehyde and ketone groups extracted from yeast cells, thereby avoiding the need for specialized ionization techniques or ion-pair reagents.

3.1.2 Ion Pair and Ion Chromatography (IPC/IC)
IPC utilizes an ionic surfactant additive to modify the mobile phase of an RPLC system in order to affect selectivity and, particularly, increase the retention of polar ionic hydrophilic compounds. The implementation of IPC is relatively easy and provides a methodology that enables the separation of metabolites that present significant challenges in other LC modes (such as e.g., amino acids, sugar phosphates, carboxylic acids, nucleotides, nucleoside phosphates and CoA derivatives). Currently such analytes cannot be adequately addressed by conventional chromatography due to their hydrophilic character mostly due to charged moieties (phosphate groups, zwitterionic molecules, etc.)35.  As a result a large number of targeted methods have been developed using IPC as illustrated in Figure 2a.
To obtain retention the IP reagent must be oppositely charged on to the analytes and must have good hydrophobicity. The IP reagents most often used in the metabolic profiling of endogenous compounds include strong carboxylic acids such as heptafluorobutyric acid (HFBA) and alkylamines such as tributyl- or hexylamine (TBA, HA). For example a number of groups36–39 have shown TBA to be suitable for the analysis of anionic metabolites in a variety of matrices. Tang et al.40 use both HFBA and TBA for the targeted analysis of 34 cationic and 28 anionic metabolites, respectively. Michopoulos et al.36proposed a robust IPC-MS/MS method for the targeted determination of more than 100 polar metabolites present in serum, urine and tissue extracts with TBA as the IP reagent. In Figure 3ba representative chromatogram for some of the metabolites determined with this method is shown. 
In addition a number of IPC methods (usually based on HFBA) have been developed for the quantification of amino acids and related compounds, usually for the analysis of plasma and serum35,40–42. Besides these general methods, certain applications have also been developed to target specific pathways, both for metabolic phenotyping and to provide mechanistic information such as e.g., those for the homocysteine–methionine cycle and for co-factors present in the systemic circulation and CSF43.
However, IPC presents some analytical limitations such as slow column equilibration that may result in imprecise retention times with up to 10 matrix injections required at the beginning of the analysis for system equilibration (and 40 injections of matrix samples for the conditioning of new columns36). Another drawback of IPC is the inability to switch between positive and negative ionization modes because of the ion suppression resulting from the presence of the reagent 37,38. Also, once an instrumental setup has been used for IPC it can prove difficult to completely decontaminate the system and this can have negative consequences for the use of the instrumentation if other modes of LC-MS are subsequently employed36. 
To overcome such limitations Siegel et al44 have proposed the use of acetylacetone (ACAC), a volatile eluent modifier, for the determination of 52 polar energy related metabolites. ACAC was found to chelate metal impurities present in the analytical system or the samples, thus improving the chromatographic behavior of difficult analytes. The method provided good separations without the use of IP reagents whilst, due to its volatility, ACAC was suitable for use with ESI-MS.
Another alternative to IPC is ion chromatography (IC) and a targeted method has been developed using this type of separation to quantify 28 polar organic acids in mouse quadricep muscles, with limits of quantification ranging from 0.25 to 50 μM. The developed IC/MS assay showed that there were significant differences in the quantities of hippuric acid, malic acid, fumaric acid, and 2-ketoglutaric acid in samples obtained from sedentary and fatigued mice45.

3.1.3 Hydrophilic Interaction Chromatography (HILIC)
Due to the limitations of RPLC described above, together with the problems associated with the use of IPC in terms of contamination, HILIC has been adopted as a complementary separation technique, for the analysis of polar, difficult-to retain metabolites. HILIC uses polar stationary phases combined with mobile phases with a high organic content ensuring good compatibility with MS29,46,47. Furthermore, the high organic content of the mobile phase, usually ACN, results in enhanced ionization (thus leading to higher detection sensitivity) compared to water-based RPLC solvent systems.
Many stationary phase materials have been used for HILIC separations. These include non-silica-based amino packings, underivatized silica, and modified silica such as aminopropyl-bonded, amide-bonded, poly(succinimide)-bonded, diol-bonded, cyanopropyl-bonded, sulfoalkylbetaine-bonded etc.,48 and zwitterionic phases. In the case of the zwitterionic phases the amide-bonded silica is the most commonly used in metabolomic applications. Most HILIC applications employ a binary solvent gradient usingan initial high percentage (>90% v/v) of ACN in the mobile phase with elution effected via a gradual increase in the H2O content of the solvent. Method development for HILIC separations is not trivial with optimization performed via modulation of the pH and by employing a range of mobile-phase additives such as HCOONH4and CH3COONH4 (often with the addition of NH4OH and f.a.49–59). 
The simultaneous analysis of hundreds of endogenous metabolites in a single HILIC analysis can introduce significant challenges due to the different molecular structures and diverse chemical properties of the analytes. In an example from our own laboratories Gika et al54developed a HILIC-MS/MS method on an amide material for the quantification of 135 small polar molecules in a single run (30 min) applying a pH gradient in the mobile phase and polarity switching in the ESI source to allow the determination of a variety of metabolite classes. The method was applied to the metabolic phenotyping of grape varieties and achieved classification according their skin colour via multivariate statistical analysis of the resulting analytical data. Virgiliou et al55 applied a similar multi-analyte HILIC-MS/MS method covering sugars, amino acids, organic acids and nucleotides to the analysis of cell culture medium, blood, urine and amniotic fluid etc. This quantitative method was validated for linearity, precision and sensitivity for these diverse classes of analytes and a representative chromatogram for some of these is presented in Figure 3c. 
In another example Yuan et al56 have developed a 15 minute HILIC-Q/TRAP-MS method for the simultaneous analysis of 258 polar metabolites present in biological fluids, cells, and fresh and fixed tissue. Such methods continue to be produced and recently one that clearly demonstrates the power of mass spectrometry in this type of application has been described that covers some 237 metabolites57.
The various HILIC phases available offer different selectivities and, as a result, their selection may depend on the application. Thus, in particular studies analysis on zwitterionic stationary phases have been found to be superior over those achieved via other types of HILIC separation58–61. In the case of the determination of 20 polar metabolites in the freshwater snail Lymnaea stagnalis59 the silica-based zwitterionic ZIC-cHILIC material was found to outperform silica, amino, amide and two other zwitterionic stationary phases. In another study Zhang et al60 evaluated the behavior of 223 metabolites with different mobile phases on three zwitterionic columns finding that a polymeric material, in combination with ammonium carbonate ((NH4)2CO3) in mobile phase, provided the best results. 
The current limitations of HILIC are: 1) that it is not suitable for all polar ionic compounds (hence the continued use of IPC) and 2) the fact that reproducibility with respect to retention time and analytical drift can be poor46. Obtaining acceptable retention time reproducibility can require relatively long column equilibration times52.
Table 1 summarizes a selection of methods that report targeted metabolomics methods by LC-MS. The Table provides information on the matrix analysed, the analytical system (column-mobile phase), the applied sample preparation the number of analysed metabolites and detection sensitivity achieved (limits of detection/quantification).


4. CAPILLARY ELECTROPHORESIS-MASS SPECTROMETRY (CE-MS)IN TARGETED APROACHES


For targeted metabolomics applications capillary zone electrophoresis (CZE) and micellar electrokinetic capillary chromatography (MEKC), using fused silica columns, have been the most widely used methods62.
Compared to LC, CE consumes much less in the way of solvent, sample and reagents, while there is less need for derivatization to improve the separation of polar analytes62. CE-based metabolomics methods are mainly used to separate small, charged compounds from larger ones(lipids, proteins etc.) that have removed using precipitation with organic solvents, such as cold ACN, MeOH, chloroform (CHCl3)-MeOH, often in combination with liquid-liquid extraction or solid phase extraction(SPE) 62,63.
In targeted metabolomics applications almost all types of detectors have been coupled with CE: UV, UV-DAD, LIF and MS with the latter dominating the field, mainly due to the fact that it overcomes the sensitivity issues often encountered in CE. 
Electrophoretic methods are well suited to the analysis of polar and ionic metabolites in biological samples and a plethora of endogenous compounds, such as amino acids, nucleotides, aminothiols etc., have been analysed via CE. The separation of amino acids present in biological matrices such as serum, tissues, plasma, urine or CSF, or in food and beverages by CE is well established. Due to their biological importance, a number of different CE methods have been developed for the determination of amino acids in a wide range of matrices64–69, often after derivatization64,66–68. 
In CE–MS targeted metabolic profiling via ESI is commonly used70 with the interface arranged both to provide a means for completing the CE electrical circuit for analyte separation and, at the same time, also applying electrical potential to the spray tip71. Two types of interface for CE-ESI-MS are generally employed: either the “sheath-liquid” or the “sheathless” interfaces63. In the sheath-liquid mode the flow-rates employed range from 5 to 10 μL/min, while for the sheathless method the flow rate is much lower at <20-30 nL/min72 whilst at such low flow-rates ion-suppression phenomena are noticeably reduced72. Sheathless CE-MS interfaces with a porous tip sprayer73,74 are reported to enhance sensitivity by minimizing the sample dilution observed in sheath-liquid approaches.
With regard to separation conditions for targeted CE, fused-silica capillaries of 30 or 50 μm i.d. of 60-120 cm length have generally been used. Ammonium salts (e.g., ammonium acetate and ammonium bicarbonate (NH4HCO3))73,75,76 are often added as background electrolytes (BGE) for anions whilst for cationic metabolites formic and acetic acids are often used as BGE69,74. For cationic metabolites the MS is coupled to the cathode, whilst for anionic compounds the detection polarity is switched and the anode is coupled to the MS70,77. Gulersonmez et al73 reported good linearity and low limits of detection (10-200 nM) for the analysis of anionic metabolites, including organic acids, sugar phosphates, and nucleotides with %RSD values for peak height and migration time lower than 11% for both inter-day and intra-day measurements. By reversing the polarity the method could also be applied to the profiling of cationic metabolites as well. 
Although CE can provide a good solution to the problem of profiling polar ionic metabolites and when coupled to MS is capable of good sensitivity (with lower ion suppression than LC-MS-based methods). However, it also has a number of disadvantages in comparison to LC-MS including lower throughput. A major drawback of CE is the need for capillary inner wall modification in order to overcome the irreversible binding of interferences from the sample which otherwise results in poor repeatability of migration times of the analytes78.
In Table 2the various reports of CE-MS targeted metabolomics methods providing information on the matrix analyzed, the analytical system (column-BGE composition), the type of sample preparation used, the number of metabolites determined and the detection sensitivity achieved (limits of detection/quantification) are summarized .


5. GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS) IN TARGETED APROACHES


Whilst GC-MS is ideally suited for the analysis of small and volatile molecules it can also be used for the separation of semi-volatile or nonvolatile compounds following their derivatization (as discussed below). GC-MS has mostly been used for non-targeted metabolomic profiling and has been considered as a standard technology for metabolite profiling due to favorable properties such as reproducible chromatography, high separation efficiency, good sensitivity and a standardized electron ionization (EI) method allowing the establishment of mass spectral libraries79.
For targeted metabolomics analyses GC is usually coupled to single quadrupole MS detectors although more recently GC-MS/MS has also been employed in metabolic phenotyping. Targeted methods, including widely and pseudotargeted methods, have been used to profile a wide range of endogenous compounds, such as amino acids, organic acids and sugars in different matrices such as urine, serum and plasma, yeast cells and plant tissues79–83.
Usually, derivatization is carried out in two stages with reagents such as methoxyamine hydrochloride (MeOX/HCl) followed by N-methyltrimethylsilyltrifluoroacetamide (MSTFA)80,83,84. Other derivatization methods have also been reported using e.g., methylchloroformate (MCF)79,81 for amino acids and1,1,1,2,2,3,3-heptafluorobutyl chloroformate (HFBCF) for organic acids, amines and amino acids82. As an example, Tsugawa et al80 developed a sensitive GC-MS/MS method for the determination of 110 metabolites, including amino acids, organic acids, amines, sugars, nucleotides etc., following trimethylsilyation in both mouse plasma and Saccharomyces Cerevisiae. In Figure 4 a representative chromatogram for 103 of the metabolites determined is given.
A limitation resulting from the need for derivatization is that sample preparation is time consuming and may include, in the case of urine, incubation with urease to remove the large amounts of urea present in such samples, and then sample evaporation and/or extraction prior to derivatization. Despite these hindrances, GC-MS remains widely used and is still unbeaten in the identification power offered by the application of trustworthy spectral and retention libraries (e.g., NIST and Fiehn Libraries). 
The information presented in Table 3 summarizes various methods that reporting the development of targeted metabolomics methods by GC-MS and GC-MS/MS. The table provides information on the matrix analysed, the method of derivatisation and sample preparation, the number of analysed metabolites, the analytical system/column and detection sensitivity.


6. TARGETED ANALYSIS OF LIPIDS
Lipids participate in many metabolic pathways, thus their determination in different matrices is of great interest and the number and variety of these metabolites has resulted in the designation of a subdivision of metabolic phenotyping known as “lipidomics”85–87. Lipids are hydrophobic or amphiphilic molecules which can be divided into various different categories, such as fatty acids, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, polyketides, sterol lipids and prenol lipids. Some of these categories have already been recognized as potential biomarkers for various diseases or health conditions from disorders of the cardiovascular system88, to inflammation89,90, arthritis or infection90,91.
The accurate profiling of lipids is a challenging endeavor due to the sheer complexity of the profile and the number of lipids/classes; hence a number of different approaches have been developed for their analysis including, most commonly, RPLC but also NPLC and HILIC-based separations with MS detection85. Triple quadrupole MS, rather than TOF or ion trap-based methods, represents the preferred detection mode for targeted lipidomic analyses. Publications that report the development of new lipidomics methods are categorized in Figure 5 with regard to the use of different analytical separation and MS detection modes. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Lipidomic analysis usually starts with the extraction of the analytes of interest from the matrix. Initially methods were based on the Folch92 (CHCl3:MeOH 2:1, v/v) or Bligh–Dyer93(CHCl3:MeOH 1:2, v/v) extractions, but lately there is a trend for optimization and development of bespoke approaches by each research group. The solvent mostly used for extraction is MeOH, alone, or in combination with CHCl3or H2O in different proportions94–100.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19]In RPLC-based lipidomics C18 columns are typically used, combined with mobile phases composed of H2O and mixtures of ACN, MeOH and/or isopropanol (IPA) together with mobile phase additives such as CH3COONH4, HCOONH4and f.a. orCH3COOH94,95,101–103. Indeed,  different mobile-phase modifiers have been suggested as a means to improve lipidome coverage for blood plasma depending upon the ionization mode used, with 10 mM HCOONH4recommended for positive ESI and 10 mM CH3COONH4for negative ESI96.
The scope of these lipidomic methods can be quite large with e.g., Yamada et al94 reporting a method capable of the analysis of over 400 lipids in mouse plasma, covering 12 lipid classes based on using a RPLC separation and detection viaQ/Orbitrap MS.
Although RPLC-based lipidomic methods predominate, NPLC methods for lipid profiling have also been used104. These NPLC methods use non-polar mobile phases consisting of heptane, CHCl3and solvent mixtures, such as heptane:ethanol:isopropanol, ACN:H2Owater and CHCl3:MeOHl and silica as the stationary phase. For example, Jia et al97 developed a rapid NPLC separation coupled to MS/MS for the quantification of 483 ceramides in samples of human stratum corneum extracted with MeOH. The method was applied to different age groups and found potential biomarkers discriminating adults from children.
The separation of lipids using HILIC is usually performed on silica columns with mobile phases most often consisting of mixtures of H2O with ACN or MeOH with the addition of buffers, such as HCOONH4 or CH3COONH4 with f.a.98,105. An example of a targeted HILIC-MS method for lipids is provided by the work of Schwalbe-Herrmann et al98 which employed an isocratic separation on silica method for phosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, sphingomyelin and lysophosphatidylcholineanalysis of human plasma and swine brain106. HILIC was found to provide superior results to NPLC by eliminating the need for complex gradients, long analytical run times and the use of buffers that were incompatible with ESI. In addition HILIC was found to provide a satisfactory separation of the different lipids in contrast to NPLC.
Recently supercritical fluid chromatography (SFC) has also found use in lipidomic analysis. Supercritical CO2 is used as a mobile phase, often with the addition of a modifier, such as MeOH. The use of SFC provided high MS sensitivity and facilitated the separation of a variety of structural isomers99,100,107. 
Table 4 summarizes methods that have reported methods for targeted lipidomics using LC or SFC-MS. The table provides information on the matrix analysed, the analytical system and column, the mobile phase and the method of sample preparation.


           7. FIELDS OF APPLICATION

The use of targeted metabolomic methods is now widespread for both the detection and confirmation of biomarkers in clinical research and in the nutrition or environmental sciences. Indeed the application of such methods is now at a point where it is no longer possible to provide an in depth coverage of all of the fields of application in a single article and rather than attempt an exhaustive review a few illustrative examples that highlight the utility and potential of this approach are considered below. 
In the case of biomedical research such a highly selective and non-exhaustive list includes studies tasked with finding biomarkers related to physiological processes/disease such as ageing108,109, cancer110–113, kidney dysfunction114, cardiac disease115, liver toxicity116, preterm birth117, neonatal sepsis118, metabolic syndrome119 and rheumatoid arthritis120. 
As a particular example, the profiling of serum bile acids has been employed in the study of intrahepatic cholestasis of pregnancy (ICP)121 and gestational diabetes mellitus (GDM)122. In the second study a UPLC/Q–TOF MS method was developed for the comprehensive profiling of 28 bile acids in human serum in order to find potential biomarkers for the diagnosis and differential diagnosis of GDM in women. The study included healthy women and women with GDM or ICP (in a previous study123 it was found that women with ICP have a greater possibility of showing up GDM).From the results, muricholic acid was revealed as a metabolic marker to discriminate GMD patients from healthy ones, while a dihydroxy free bile acidwas a potential marker for the differential diagnosis of GDM. Figure 6shows the OPLS/O2PLS-DA score plot, differentiating controls from GDM and ICP patients.
In another study the selection of the metabolites that were targeted was based on their relationship to either dietary intake or to certain enzymes, affected by the polymorphisms studied of the one-carbon metabolism, oxidative stress and xenobiotic metabolism, in an effort of finding a possible relation between Mediterranean diet and a number of polymorphisms (MTR rs1805087, MnSOD rs4880, MTHFR rs1801133, NAT2 rs1799930, MTHFR rs1801131, CAT rs1001179, GSTP1 rs1695, GSTM1 deletion and GSTT1 polymorphisms)  in Greek-Cypriot women124. From the 14 serum metabolites that were measured, such as riboﬂavin, methionine, methionine sulfoxide, cystathionine, total cysteine, γ-glu-cys, total GSH, α-hydroxybutyrate etc. and the 9 polymorphismsstudied it was found that the amounts of ﬂavin mononucleotide and 5-methyltetrahydrofolate (5-MTHF) were affected by interactions between GSTM1 deletion and MTHFR rs1801133 polymorphisms and food consumption, characteristic of the Mediterranean diet. In a similar manner targeted lipidomic analysis has been applied to biomarker discovery in the case of diseases such as e.g., cancer, infectious diseases, cardiovascular diseases etc88,103. For example, Strassburg et al99 after developing a RPLC-MS/MS for over 100 oxylipins, including eicosanoids, assayed plasma samples of patients undergoing cardiac surgery. Alterations of the amounts of 12-HETE and 12-HEPE, metabolites known to be related with cardiac surgery and the healing process, were revealed.
Targeted methods can also be applied in combination with untargeted profiling to map the metabolome of un-explored biofluids. In a recent report, HILIC-MS/MS provided for the first time quantitative data on the metabolic content of coelomic fluid125.
Apart from conventional biofluids (urine, blood) exhaled breath condensate was analysed by LC-MS/MS and GC-MS to differentiate smokers from non-smokers based on a targeted lipidomic method for eicosanoid analysis101. Twenty different eicosanoids participating in the arachidonic acid, lipoxygenation and cyclooxygenation pathwayswere measured.The method was found to be suitable for the measurement of non-volatile mediators of inflammation in exhaled breath condensates, showing alterations on the levels of 5-HETE, leukotriene B4 and 8-iso-PGF2α.
Another important application area for targeted metabolomics is in plant and food science. Plant and food metabolomics methodologies target differences in the profiles of primary and secondary metabolites in many different species and varieties54,126,127, and this type of analysis can also help in the evaluation of the effect of storage conditions on foods, as for example examined by Arapitsas et al128for the polar metabolites present in wine. 4-Amino-heptanedioic acid and its ethyl ester were found to be excellent markers of the influence of storage conditions. The effects of environmental changes and geographical location for crops such as tobacco can also be studied as shown in a recent example. Herepseudo-targeted GC-MS and CE-MS (in both anionic and cationic mode)was applied to the study of these effects on the metabolic profile of tobacco leaves with a total of 237 metabolites (involved in nitrogen, carbon and polyamine metabolism) analysed129. Results showed that planting location had a stronger influence on the tobacco metabotype during plant growth and agedness than plant variety (cultivar); it was also noted  thatthe effects of temperature and rainfallon plant metabolites during plant growth could be detected. An example of a widely targeted method for the study of rice leaf metabolomics is provided by Chen et al130 proposing a different strategy, the one of the stepwise multiple ion monitoring-enhanced product ions (stepwise MIM–EPI) for the quantification of 277 metabolites, such as amino acids, organic acids, some phytohormones etc. Based on this study, Dong et al131 were implement a comprehensive metabolic profiling of more than 90 flavonoids in rice with LC-MS/MS differentiating two rice subspecies, japonica and indica.
 


8. PRACTICAL CHALLENGES IN TARGETED METABOLOMICS ASSAYS

Method development for targeted and validated assays clearly depends on the availability of the required metabolites and one of the difficulties faced by researchers is that many of the molecules that may be desired are not commercially available as pure standards which makes method development especially problematic. Even supposing that the standards are available, since targeted metabolomics methods often deal with the determination of a large number of metabolites in a single analysis (often more than 100 as illustrated in Figure 7a), the needs of method validation are not trivial. It is thus perhaps understandable that relatively few studies report full quantitative validation in terms of accuracy, precision, matrix effects, sensitivity and stability etc. (Figure 7b). The situation is particularly complex as a result of the fact that metabolomics is based on the analysis of omnipresent endogenous compounds and the concentrations of these compounds can fall as well as rise, making validation even more challenging in the absence of true “blank” matrices132.
The challenge posed by the lack of analyte-free matrices has been addressed in a number of ways, none of which are entirely satisfactory. Alternatives, which include e.g., surrogate matrices, “stripped” matrices, authentic matrices with surrogate analyte(s), and other commercial plasma/ serum products, such as those with naturally low concentrations of particular analytes, have been used for method validation and quantification of endogenous compounds. However, such approaches have obvious disadvantages in not replicating the actual matrix under investigation as well as, in certain circumstances, high cost or limited availability. Standard addition methodology is also impractical in this type of method, which involves a large number of samples, as the number of analyses needed is at the least triplicated.  Probably the most easily implemented approach, and the one that makes the least assumptions, is the use of stable isotope-labelled internal standards with quantification via calibration curves prepared in water/and or organic solvents and taken through the sample preparation method used for the samples. The use of stable isotope-labeled compounds as internal standards is of great importance104. Ideally the best approach would be the use of one internal standard per metabolite, assuming that these are available at an economic cost. Such internal standards are important as a means of compensating for so called “matrix effects” and poor/variable recovery during sample preparation, both of which might adversely affect the performance of the assay. Matrix effects can result in the enhancement or suppression of the analyte signal, affecting method performance and hence limiting the number of the metabolites that can be accurately quantified. In single analyte assays bespoke sample preparation and optimization of the different parameters related to the method can minimize matrix effect issues. However, in multi-analyte assays this is clearly impractical. 
Another aspect of ensuring that the data derived from these methods are fit for purpose relates to the importance of including appropriate quality control (QC) samples. The analysis of QCs should always be undertaken in these quantitative assays as, by monitoring these samples, the performance of the method can be monitored, increasing confidence in the quality of the results. In conventional, untargeted, metabolic phenotyping the QC samples are usually pooled samples generated by mixing small aliquots from the samples tested. QC samples are very useful, as they are used for analytical platform equilibration, monitoring of analytical signal and intra/inter day precision, signal correction (normalization) and method standardization133–135. However, in addition to these pooled sample QCs targeted methods can also be supplemented/replaced by QCs for the targeted analytes themselves to demonstrate accuracy as well as precision (e.g. see ref 31). These analyte-based QCs can be used to cover a range of different concentrations, covering the linear ranges of the methods (low mid and high) as suggested by the FDA guidance on bioanalytical methods136.
Other problems specific to the application of assays, where a large number of analytes are being measured in a short analysis time, is the need for ultra-fast data acquisition, which when applied in the measurement of hundreds of channels (MS-MS events) may lead to erroneous results. The analyst should carefully check for MRM cross talk and for the possibility of false positive results when large signals are immediately followed by weak signals in MS/MS acquisition.


9. SUMMARY AND CONCLUSIONS

An increasing number of targeted methods are appearing for use in metabolomic/metabonomic investigations reflecting, in part, the difficulty faced by MS-based approaches in identifying and quantifying the overwhelming number of compounds that can be detected using untargeted holistic methods. Thus, falling back on a more limited number of analytes, albeit still comprised of tens to hundreds, of known metabolites, provides an alternative whilst the metabolome is being adequately defined. However, the term “targeted analysis” is currently used to describe a variety of analytical approaches employed in metabolic phenotyping ranging from the qualitative or semi-quantitative determination of fold changes in concentration to fully validated and quantitative methods (as well as hybrids of the two). The former approach is relatively easy to implement, requiring only a supply of sufficiently pure authentic standards and the development of a robust separation (LC or other) and an MS-based detection system. Such methods can prove useful in the biomarker “discovery” phase of metabolic phenotyping, highlighting particular metabolites and/or pathways for further investigation. However, the development of targeted, quantitative, multi-analyte methods, which may be used either in the biomarker discover or “validation” phases, can be, in our experience, very demanding in terms of the resources required and technically challenging. One strategy based upon the use of such fully quantitative targeted methods would be to develop a panel of methods that cover some hundreds of key metabolites. These methods could be selected to cover important classes of compounds, or specific pathways and biochemical fluxes, in a flexible and synergistic manner. Such quantitative systems could reach a high level of reliability, particularly as results can be validated both within in and between laboratories (via cross laboratory tests and QC programs), something which still remains very challenging for untargeted metabolomics7.  Ultimately metabolites (or groups of metabolites) that reveal themselves to be strong potential biomarkers in individual studies could be selected for the development of highly targeted, thoroughly validated and specific assays for direct application to the study of the biological phenomena under investigation.
Continuous improvements and evolution in instrumentation and software, as well as the combination of different analytical methods and platforms, continue to expand the coverage of the metabolome via targeted analytical methods. The increasing application of targeted methods to complement the use of more holistic approaches will undoubtedly increase and may, at some point in the future, eventually replace them.




ABBREVIATIONS 
ACN: Acetonitrile
BAMP: N-Butyl-4-aminomethylpyridinium iodide
CHCl3: Chloroform 
CH3COOH: Acetic acid
CH3COONH4: Ammonium acetate
EtOH: Ethanol
Fmoc-Cl: 9-Fluorenylmethoxycarbonyl chloride
f.a.: Formic acid
HCOONH4: Ammonium formate
H2O: Water
HAMP: N-hexyl-4-aminomethyl-pyridinium iodide
HFBA: Heptafluorobutyric acid
HFBCF: 1,1,1,2,2,3,3-Heptafluorobutyl chloroformate
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11]HFIP: Hexafluoroisopropanol
IPA: Isopropanol or Propan-2-ol
LEDIF:Light-emittingdiode-induced fluorescence
LIF: Laser-induced fluorescence
MCF: Methyl chloroformate
MeOH: Methanol
MeOX/HCl: Methoxyamine hydrochloride 
MSTFA: N-methyltrimethylsilyltrifluoroacetamide
NDA: Naphthalene-2,3-dicarboxaldehyde
NH4OH: Ammonium hydroxide
NH4HCO3: Ammonium bicarbonate
(NH4)2CO3: Ammonium carbonate
NMR: Nuclear magnetic resonance
MS: Mass spectrometry
PFHA: Perfluoroheptanoic acid
SDS: Sodium dodecyl sulfate
SERS:Surface-enhanced Raman scattering
TBA: Tributylamine
TCA: Tricloroacetic acid
TCEP: Tris(2-carboxyethyl)phosphine
TFA: Trifluoroacetic acid
TSH:p-Toluenesulfonylhydrazine
UV: Ultraviolet
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Fig. 1. A schematic of the two different approaches of hypothesis-free untargeted and targeted metabolic profiling of either representative metabolites from one biochemical pathway or various key metabolites from different pathways relevant to the study with specific methods.
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Fig 2.Plots showing the type of A) chromatographic systems and B) mass analyzers used in LC-MS-based targeted metabolomics studies. Numberscorrespond to the sum of papers published per technology focusing on the development of analytical methods rather than on  applications. 
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Fig. 3a.An example of a separation from the application of targeted metabolomics involving the derivatization of amino-compounds.Traces for 20 derivatised amino acids obtained by RP-UHPLC-MS/MS analysis are illustrated. Reprinted with permission from Gray et al31.
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Fig. 3b.Traces of 30 endogenous compounds (amino acids, organic acids, sugars, etc.) obtained by IPC-MS/MSanalysis. Reprinted with permission from Michopoulos et al36.
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Fig. 3c.Traces of 25 polar metabolites, from a method reporting the HILIC-MS/MS analysis of more than 100 polar metabolites including amino acids, amines and vitamins. Reprinted with permission from Virgiliou et al.55 
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Fig. 4: Traces of 103 metabolitesdetected in mouse plasma, by GC-MS/MS analysis. Set of analytes comprises more than 100 metabolites including amino acids, organic acids, amines, etc. Reprinted with permission from Tsugawa et al80. 
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Fig. 5.Number of reports on the development of LC-MS based targeted lipid profiling methods with regard to A) chromatographic systems and B) mass analyzers.
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Fig. 6: OPLS scoreplot discriminating serum samples of controls from ICP and GDM patients based on 28 bile acids. Reprinted with permission from Gao et al.122.


Fig. 7a. Number of metabolites determined per publication reporting the development of targeted metabolomics methods. It can be seen that in most of the cases less than 100 metabolites are determined in these methods.

Fig. 7b.Number of studies reporting the evaluationoftargeted metabolomics methods with validation assaysand the acceptance criteria provided.
Number of compounds analyzed	<	20	<	100	<	200	>	200	25	19	7	7	Number of compounds determined
Number of studies
Use of IS	No Validation	Linearity	RSD	Recovery	LOQ/LOD	Stability	Matrix Effect	Quantification	37	13	43	42	12	41	10	14	36	Validation Parameters
Number of studies
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