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Abstract 
The significance of branched-chain amino acids in diseases was clearly shown over the years. This review aims to describe the available techniques for their analytical determination. The article provides examples of the use of various analytical methods. The methods are divided into two categories: derivatization and non-derivatization approaches. Separation is achieved through different chromatography or capillary electrophoresis techniques and can be combined with different detectors such as flame ionization, ultraviolet, fluorescence, and mass spectrometry. It compares the application of various derivatization reagents or detection as such for different detectors.
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1. Introduction
[bookmark: _Hlk130333691][bookmark: _Hlk130333719][bookmark: _Hlk130333748][bookmark: _Hlk130333780]The branched-chain amino acids (BCAAs) leucine (Leu), isoleucine (Ile), and valine (Val) are three essential amino acids (AAs) that play a significant role in the functioning of the human body. Due to the three different hydrophobic branching structures in the side chains of these AAs, they are known as BCAAs. As animals cannot synthesize BCAAs independently, they must obtain them from their diet, of which BCAAs constitute approximately 20% [1, 2]. They are vital, including their metabolites, for controlling cell production and are involved in protein synthesis. BCAAs also have an impact on neurotransmission and glucose metabolism [3]. The mammalian/mechanistic target of rapamycin complex 1 signaling is one of the metabolic reactions regulated by Leu [4]. Activating the mammalian target of rapamycin signaling pathway may contribute to insulin resistance. BCAAs and their catabolic products, branched-chain keto acids, may be used as biomarkers for insulin resistance and type 2 diabetes and may be useful for diabetes risk assessment [5, 6]. There have been numerous studies suggesting that changes in plasma BCAAs concentrations may be related to a variety of diseases [7] including inborn errors of metabolism such as maple syrup urine disease (MSUD) [8], renal failure [9], cancer [10], diabetic kidney disease [7], and liver-related diseases [11]. According to estimates [12], MSUD prevalence in newborns is between 1 in 100,000 and 1 in 300,000. Therefore, accurate quantification of blood BCAAs concentrations is essential for diagnosis and monitoring [13], as well as for early medical intervention and subsequent implementation of treatment strategies. They all contribute to the prevention of further disease progression [14]. Moreover, BCAAs are also capable of providing therapeutic effects, such as improved neurophysiology [10], treatment of sepsis with catabolic disorders [3], and prevention of skeletal muscle atrophy [15]. They are often used as additives in sports drinks. Therefore, metabolomics and nutrition research has focused on the importance of BCAAs in vivo, requiring the development of reliable and accurate analytical assays.
[bookmark: _Hlk130333837][bookmark: _Hlk130317493]Over the last decade, many reviews appeared dealing with the analytical determination of AAs. However, to the best of our knowledge, there is currently no overview available which focuses on the analysis of BCAAs. BCAAs can be detected using various analytical methods, applying ion exchange chromatography (IEC) [16], GC [17], HPLC [18], and CE [19]. It is important to note that the quantitative analysis of BCAAs is subject to two main challenges. As a result of the physicochemical nature of the BCAAs, there is a low volatility and a lack of specific UV and fluorescence (FL) chromophores [20]. Typically, BCAAs are analyzed by UV or FL using a derivatization step in order to improve sensitivity. The second issue is the co-elution of the isomers Leu and Ile in chromatography. The resolution (Rs) of Leu and Ile is often considered a criterion for assessing the separation of BCAAs, where the introduction of MS, and more in particular MRM, has improved the selectivity of BCAAs detection and solved the limitations of derivatization. The MRM scan mode has become the gold standard for accurate quantification and provides an excellent analytical tool for the accurate quantification of BCAAs [21]. Since Leu and Ile share the same relative molecular weight, the same precursor ion (m/z 132) was selected in the first quadrupole for analysis. The precursor ion fragments within the second quadrupole to produce the characteristic product ion. The third quadrupole selects the characteristic product ion. Leu and Ile have characteristic product ions. The fragmentation mechanism of product ions of BCAAs is detailed in Figure 1. Precursor ions undergo fragmentation through a rearrangement process after the loss of HCOOH, resulting in the same product ion structure [R-CH2 = CH-NH3] +. Nonetheless, since the Ile methyl group is in close proximity to -NH3+, the loss of NH3 is easier, resulting in the formation of m/z 69 product ion [22]. With the completion of two rounds of MRM scanning, selectivity and specificity can be enhanced, and precise quantification can be achieved in MS, thereby avoiding the problem of co-elution in chromatography.
This review describes various analytical techniques for the quantitation of BCAAs. It is organized on the basis of whether the AAs were derivatized or not. Within each section, an overview is presented of the methods that were published using different types of detectors. The review finally wraps up the discussion with a summary of the advantages and disadvantages of all analytical techniques used for the analysis of BCAAs. 
2. Derivatization approaches
[bookmark: _Hlk128500637]In the analysis of BCAAs, there are two common approaches, one is to detect the natural form of the AAs, and the other is to assist the analysis by adding chemical groups and producing the derivative forms of AAs. Derivatization is a chemical reaction that utilizes a derivatizing reagent to react with specific groups in the target compound, producing a new substance [23]. Derivatization of BCAAs can increase their UV absorbance and FL as they lack UV absorption and FL signals, but also the ionization [24]. Using derivatization reagents, chromophores or fluorescent groups are introduced to produce the corresponding derivatives, thereby improving the detection performance of BCAAs. However, derivatization can pose several problems, including the need for longer sample pretreatment times, interference by by-products during detection, reduced selectivity, and yield during the derivatization reaction by side reactions, and difficulties in maintaining the derivatives for extended periods (which must be measured over time). Some of the derivatization reagents are costly, require specific synthesis, and may cause some health risks. Despite these drawbacks, it is undeniable that BCAAs derivatives result in a reduction in detection limits due to the enhanced signal of derivatives [25]. Different types of derivatization reagents can be utilized with different detectors, providing a diversity of analyses, and increasing the sensitivity of BCAAs detection.
2.1 Gas chromatography-flame ionization detector
[bookmark: _Hlk128459796]The flame ionization detector (FID) is the most widely used in GC analysis due to its lack of limitations related to mass range and ion suppression. Due to the low volatility of BCAAs, it is necessary to perform sample treatment prior to GC analysis. When analyzing AAs, it is common to use two reagents, methoxyamine hydrochloride in pyridine and N-methyl-N-(trimethylsilyl) trifluoroacetamide, for consecutive derivatization under anhydrous conditions [26]. Analyzing natural cheese by this method enables the determination of AAs and related compounds. The analysis was conducted using both GC/TOF-MS and GC-FID methods, with the former identifying 44 compounds and the latter detecting 139 peaks and identifying 64 peaks, including BCAAs. The results also demonstrate that GC-FID is more sensitive than GC/TOF-MS. This may be due to the molecular weights of the trimethylsilyl derivatives exceeding the mass range of the TOF-MS detector (85-500) and incomplete fragmentation of the derivatives [26] . Another commonly used method is the Husek method [27], where chloroformates can carry out the derivatization of AAs in aqueous media. Furthermore, phase transfer catalysis was used to convert AAs into their pentafluorobenzyl adducts, separated by GC-FID. These adducts were used to quantify 19 AAs in urine, fruit juice, and wheat flour [28]. Several studies have also been conducted with the commercial kit EZ:faast (Phenomenex) [29, 30] for the derivatization of AAs, which allowed 17 AAs to be determined in honey in only 8 minutes [31]. Although the above-mentioned literature examples include BCAAs, there is no specific information on the isomers.
[bookmark: _Hlk127936352]2.2 Ultraviolet and fluorescence detectors
[bookmark: _Hlk133642230]UV detectors have been widely used to detect AAs with aromatic rings or conjugated double bonds. It is known that three AAs in nature, Trp, Tyr, and Phe, contain aromatic rings and can be directly measured by UV detectors. Unfortunately, BCAAs are challenging to be detected directly with UV detectors. Although carboxyl groups in the molecular structure of BCAAs can be detected at low UV wavelengths, the response intensity is below the detection threshold. Nevertheless, derivatization reagents have provided an innovative way to meet the detection limits of BCAAs in UV detectors. A FL detector has a worse detection limit for native AAs than other types of detectors, except for Trp and Tyr, which can be detected directly by a FL detector [24]. Since a fluorescence detector is unable to detect BCAAs directly, many derivatization reagents have been developed to perform BCAA analysis.
2.2.1 High performance liquid chromatography-ultraviolet and fluorescence detectors
HPLC can separate mixtures of different properties into individual types of molecules by adjusting the interaction between the analytes and the stationary phase. A combination of HPLC and derivatization methods can significantly improve the sensitivity of BCAAs analysis. Derivatization reactions can be divided into two categories based on where they occur: pre-column or post-column [25]. Pre-column derivatization occurs analytes before entering the separation column, while post-column derivatization occurs after the separation column. A derivatization reaction converts BCAAs present in a sample into forms that can be detected by a specific detector. This improves the sensitivity and selectivity of detection.
2.2.1.1 Pre-column derivatization
As mentioned above, pre-column derivatization is a technique employed to enhance the detection sensitivity of target molecules. The technique involves the reaction of the target molecule with a derivatization reagent to generate a derivative, which is subsequently subjected to chromatographic separation on a column. The derivatization process increases the sensitivity of detection by improving the optical or chromatographic properties of the molecule [32]. Several advantages are associated with pre-column derivatization over post-column derivatization [23]. Pre-column derivatization does not require special separation columns or detector treatment, making it relatively straightforward and adaptable to multiple analytical samples. Furthermore, the derivatized product produced via pre-column derivatization should be chemically stable, eliminating additional instrumentation and facilitating use with various detectors. Additionally, pre-column derivatization can be conducted under mild and easy-to-handle conditions, improving target molecules' sensitivity in complex matrices, preserving molecular stability, and reducing interferences. In conclusion, pre-column derivatization is a crucial tool for analyzing BCAAs due to its ability to enhance detection sensitivity and its versatility in accommodating various sample types and detectors. Table 1 shows a compilation of 19 commonly used derivatization reagents, along with a summary of their respective advantages and disadvantages [33-55]. The different reactions with AAs are described in Figure 2. Notably, six of these reagents are compatible with UV and fluorescence detectors, including o-phthaldialdehyde (OPA), 9-fluorenylmethyl chloroformate (FMOC-Cl), phenylisothiocyanate (PITC), 4-dimethylaminoazobenzene-4ʹ-sulfonyl chloride (DABS-Cl), 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC), and 5-dimethylamino-1-naphthalenesulphonyl chloride (Dansyl-Cl)，expanding the range of detection options available for researchers. All these derivatization reagents have disadvantages. For example, AQC, FMOC-Cl, and Dansyl-Cl hydrolysis products may cause interference during detection. In particular, the hydrolysis product of AQC, which is 6-aminoquinoline, exhibits a strong UV absorbance that can interfere with UV detection [34]. Since FMOC-Cl and its hydrolysis product FMOC-OH are fluorescent, the latter may interfere with fluorescence detection; hence, pentane extraction is required to eliminate this interference [56]. The hydrolysis product of Dansyl-Cl, which is Dansyl-SO3H, also emits strong fluorescence that can interfere with fluorescence detection. As this derivative is sensitive to UV light, the reaction should be conducted under light-proof conditions [57]. OPA requires a 2-mercaptoethanol for the derivatization reaction. The resulting thioisoindole derivative is unstable, and the sample should be analyzed immediately after derivatization by adding borate buffer [58]. The long derivatization time (45 minutes) encountered with diethyl ethoxymethylene malonate (DEEMM), followed by 2 hours of heating at 70°C to degrade excess reagents and by-products, make it a laborious and lengthy process [59]. 4-nitrophenylisothiocyanate (NPITC) is an analog of PITC, and both require vacuum drying to remove excess derivatization reagents. While volatile reagents like butyl isothiocyanate (BITC) and benzyl isothiocyanate (BZITC) can also be used, BITC is more volatile than BZITC and by-products and excess reagents can be removed in just 10 minutes, compared to 1 hour for PITC and BZITC. Furthermore, the HPLC separation and repeatability of BZITC AAs derivatives are superior to those of PITC [49]. 1-fluoro-2,4-dinitrobenzene (FDNB), 1-fluoro-2,4-dinitrophenyl-5-1-alanine amide (FDNPAA), and N,N-diethyl-2,4-dinitro-5-fluoroaniline (FDNDEA) must also be dried to prevent interfering by-products from forming after derivatization [48]. The derivatization reagent 4-chloro-3,5-dinitrobenzotrifluoride (CDNBTF), which is similar to FDNB, has a lower sensitivity than other derivatization reagents [50].
2.2.1.2 Post-column derivatization
[bookmark: _Hlk130391388]IEC with post-column ninhydrin derivatization, combined with UV detection at 570 nm and 440 nm, has long been considered the standard method for AAs determination [60]. This approach is widely used in fully automated AAs analyzers, which rely on the same underlying technology [61]. Derivatization after column separation is accomplished by varying the pH and cation strength and pumping the derivatization reagent into the eluent stream of the column, resulting in a higher conversion of the separated target molecules into the corresponding derivatives. This method has the advantage of avoiding the influence of the sample matrix on the derivatization and allowing for the separation of isomers of BCAAs [62]. Nevertheless, post-column derivatization also has some disadvantages, such as the need for additional pumps and large amounts of reagents, which can lead to baseline fluctuations, and the critical choice of derivatization reagent, which may affect both the sensitivity and cost of the assay [63]. Various derivatization reagents are applied post-column [64], including ninhydrin, fluorescamine, OPA, 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) and 4-chloro-7-nitro-2,1,3-benzoxadiazole (NBD-Cl), and 1,2-naphthoquinone-4-sulfonate (NQS). The characteristics of these post-column derivatization reagents have been nicely summarized in [65]. Fluorescamine can be used with high-sensitivity fluorescence detectors to reach lower limits of detection (LODs). The OPA derivatization reaction necessitates the incorporation of supplementary thiol compounds. While this reaction is uncomplicated and amenable to automation, the requirement for substantial quantities of reaction reagents can lead to augmented background interference [65]. Post-column derivatization is commonly applied for the quantitative analysis of AAs, but it requires a large amount of reagent and special equipment compared to other methods. For the analysis of BCAAs, a combination of HPLC and immobilized enzyme reactors can also be used [66]. In the latter case, the immobilized leucine dehydrogenase reacts with Leu and nicotinamide adenine dinucleotide (NAD+) to produce NADH, which was monitored fluorometrically.
An overview of the various applications can be found in Table S1.
2.2.2 Capillary electrophoresis-ultraviolet and fluorescence detectors
[bookmark: _Hlk130391445][bookmark: _Hlk130391494][bookmark: _Hlk130391523][bookmark: _Hlk130391560]CZE and MEKC are the predominant separation modes employed in CE for the separation of BCAAs. CZE is limited in its ability to separate AAs because they have similar electrophoretic mobilities. BGEs containing sodium dodecyl sulfate (SDS) are highly effective at improving the distribution mechanism of analytes by the presence of micelles and MEKC has been extensively used to analyze BCAAs [67]. CE and derivatization methods are integrated to facilitate BCAAs separation using two different approaches: pre-capillary and on-capillary derivatization [68]. In pre-capillary derivatization, the reaction occurs before the electrophoretic separation, while in on-capillary derivatization, the capillary serves as both a reaction chamber and separation medium. Notably, on-capillary derivatization has a number of advantages, including reduced sample volumes, minimal sample dilutions, and the ability to automate the process easily.
[bookmark: _Hlk127998613][bookmark: _Hlk128461389]2.2.2.1 Capillary zone electrophoresis
CE-UV has the capability to detect BCAAs directly below 200 nm without the need for derivatization step [69]. However, the lack of baseline separation of the isomers can significantly impact their quantification. Consequently, researchers [70] have attempted to enhance the separation of isomers by utilizing derivatization reagents such as naphthalene-2,3-dicarboxaldehyde (NDA). Notably, attempts to use only Na2B4O7 solution as BGE were unsuccessful, as Leu and Ile did not attain separation. Subsequently, increasing the concentration of poly(ethylene oxide) (PEO) to 1.5% was found to achieve separation of Leu and Ile, with a Rs up to 2.4. The mechanism behind this could be attributed to the differential migration of isomer derivatives to EOF and their interaction with PEO via hydrogen bonding and hydrophobicity. The proposed method was subsequently applied to CE-light-emitting diode-induced fluorescence for the determination of 15 AAs, including BCAAs in ascites of liver disease patients. The quantitative results of BCAAs were found to be highly consistent with those obtained from AAs analyzers.

2.2.2.2 Micellar electrokinetic capillary chromatography
Due to its high separation efficiency and low sample consumption, capillary electrophoresis is crucial for BCAAs analysis. The technique of MEKC is achieved by adding a surfactant above its critical micellar concentration to the background electrolyte. Micelles are formed that interact with sample molecules, allowing them to migrate through the capillary with a micellar charge, resulting in separation [71]. BCAAs lack chromophores, so they must be derivatized to improve their detection by optical methods, where UV and fluorescence are the most used. In terms of derivatization reagents, several options are available, such as the homocyclic o-dicarboxaldehyde derivatization reagents OPA [72], NDA [73] and anthracene-2,3-
dicarboxaldehyde [74] ,  but besides these also FMOC-Cl [75], CBQCA [76], FITC [77] and Dansyl-Cl [71]. 
The FMOC-Cl derivatization reagent was employed to derivatize AAs and successfully separate 12 AAs, including BCAAs, from passion fruit juice using the MEKC-UV method with borate, SDS, and MeOH in the BGE [78]. Similar methods were also utilized to determine BCAAs in sports drinks, resulting in the successful separation of L-BCAAs and a chiral separation ratio of 1:100 for enantiomeric BCAAs [79]. Separation of BCAAs can also be improved by adding ionic liquids [75]. As a result of adding the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate to the BGE, 17 AAs, including BCAAs, were well separated in seven beer samples using OPA-labeled AAs, but the Rs between Leu and Phe was only 1.2. 
CE-LIF is crucial in detecting BCAAs. CE-LIF combined with CBQCA derivatization significantly enhances the sensitivity of BCAAs detection. In fact, the LODs can be lowered to the attomolar level (10-18 M) [76], thereby enabling the detection of BCAAs with remarkable precision and sensitivity. With LIF as the detection mode, BCAAs could be separated using the transverse diffusion of laminar flow profiles (TDLFP) method for measuring NDA-labeled AAs in the culture medium for embryo cultivation [72]. The same authors used pre-capillary derivatization and light-emitting diode-induced fluorescence for the same purpose [80]. Another method utilized is electrophoretically mediated microanalysis (EMMA), which separates AAs through NDA/NaCN derivatization and achieves good separation of BCAAs (see Figure 3). Compared to the TDLFP method, the LOD and LOQ are improved by a factor of 2-12 [81].
Table S2 offers an overview of the applications.
2.3 Mass spectrometry
[bookmark: _Hlk130356520][bookmark: _Hlk130356559]In recent years, MS has replaced traditional detection methods such as UV and FL detector due to its superior sensitivity, selectivity, and throughput. The separation of AAs using mass-to-charge ratios eliminates the peak overlap problem in HPLC and enables the detection of AAs with weak UV or FL absorption. However, combination with chromatographic separation is still necessary for structural isomers of AAs. MS combined with derivatization reagents enables BCAAs to be detected at lower detection limits. BCAAs can be separated based on mass-to-charge ratio and retention time through collision-induced dissociation of precursor ions producing product ions. ESI and atmospheric pressure chemical ionization (APCI) are the most commonly used ion sources [82]. MS has contributed significantly to BCAAs analysis due to its powerful analytical capabilities. 
[bookmark: _Hlk130335659]2.3.1 High performance liquid chromatography tandem mass spectrometry 
HPLC-MS with derivatization involves introducing charged or proton-affinity functional groups into the target functional group by chemical derivatization, changing the polarity of AAs to facilitate retention of the analyte on the reverse-phase column, enhancing ionization in the ion source, improving precursor ions and products, reducing background interference, and thus improving detection sensitivity [83-85]. ESI ion sources are used more frequently in AAs analyses than APCI and have become the most common for MS analysis. Furthermore, a family of derivatization reagents has been developed specifically for MS, which have enhanced ionization properties with fewer matrix effects, facilitating better compatibility.

[bookmark: _Hlk128500164][bookmark: _Hlk130392765][bookmark: _Hlk130392836][bookmark: _Hlk130392869]Many commercial kits have been developed for the analysis of AAs using MS specifically. An example of such a kit is Waters' AccQ-Tag, which contains the AQC reagent. Its simplicity and ease of use make the AccQ-Tag kit popular for AAs analysis. Guba et al.[86] demonstrated the capability of the AccQ-Tag kit in analyzing 33 AAs and biogenic amines in blood and tear fluid in just 11 minutes. The method quantified 26 analytes in serum samples and 20 analytes in tear fluid, with baseline separation of the BCAAs Leu and Ile. Salazar et al.[87] found that replacing the non-volatile buffer (borate) with an acetate buffer solution in the kit improved ion suppression. Furthermore, AQC AAs derivatives can be stored securely at room temperature and in the dark for up to three weeks, facilitating analytical testing. Sung et al.[88] compared four detection modes (UV detection, FL detection, single ion analysis, and MRM) using the same kit. After derivatization, the derivative mass of AAs increased by 170 Da, avoiding detection in the low mass region and generating a positive charge, which facilitates ionization. Compared to other kits, the AccQ-Tag kit's operation is simple, and the reaction is mild, with a reaction time of approximately 15 minutes. The results demonstrate that AAs can be detected at the picomole level using all four detection modes, with fluorimetry and MRM being the most sensitive detection modes, with LODs reaching the femtomole level. As another option, Phenomenex offers an EZ:faastTM kit that uses propyl chloroformate (PCF) as a reagent [89]. SPE is necessary when using this kit to avoid interference with the derivatization process. This step ensures that the interfering compound is retained on the sorbent tip or in the aqueous phase. The increase in sample pre-treatment time (45 minutes) is also due to this factor. Aside from this, the derivatization process of AAs removes volatile and toxic reagents by evaporation, and the derivatized product can only be stored at 4°C for two days [90]. Additionally, the kit is suitable for performing GC-MS analyses. Other researchers [91] utilized the isobaric tags for relative and absolute quantitation (iTRAQ) reagent kit from AB SCIEX, a derivatization reagent based on isobaric tags for relative and absolute quantitation designed for AAs analysis. One study quantitatively analyzed 42 labeled AAs and amines within 16 minutes in rat serum and urine using the kit. Leu and Ile were separated in this analysis. After derivatization, one of the effects was once again to increase the molecular weight of the AAs derivatives. In this way, their appearance in the low mass regions was avoided and noise interference was reduced. The addition of heptafluorobutyric acid to the mobile phase also enhances the retention of the derivatives. Furthermore, the kit allows for simultaneous quantification using isotopic labeling, which reduces the influence of matrix effects on quantification. However, the derivatization reaction time is slightly longer than with other kits (30 min).
Hydrophilic AAs are difficult to be retained in RPLC and thus require the addition of hydrophobic groups for increased retention or derivatization with protonatable groups. However, the derivatization reagents used in HPLC may not meet the requirements for MS detection. For instance, FDNB derivatization can affect charge loss [92], while the labeled amino compounds exhibit different fragmentation patterns, making them unsuitable for precursor ion scanning analysis or isotope ratio analysis. Thus, in addition to the appealing kits, reagents specifically designed for MS derivatization have been developed.
[bookmark: _Hlk130393662][bookmark: _Hlk130393700][bookmark: _Hlk130393767]Although some derivatization reagents could not separate isomers of BCAAs [93, 94], many subsequent studies reported that various derivatization reagents (obtained via synthesis) could achieve separation [13-18]. For instance, p-N,N,N-trimethylammonioanilyl N′-hydroxysuccinimidyl carbamate iodide (TAHS) achieved subfemtomole to attomole levels of AAs detection [95]. Other examples (see Table 2 and Figure 4) [95-105] are dibenzyl ethoxymethylene malonate (DBEMM) and benzyl ethyl ethoxymethylene malonate (BEEMM) [105] as well as 4-dimethylaminobenzoylamido acetic acid N-hydroxysuccinimide ester (DBAA-NHS) [106] and dimethylaminophenacyl bromide (DmPABr) [107]. By synthesizing 3-aminopyridyl-N-hydroxysuccinimidyl carbamate (APDS) reagent, Shimbo et al. [97] could measure over 105 amino compounds in rat plasma and quantify 22 AAs within 10 minutes. Since the pyridine molecule introduced by the reagent has a high hydrophobicity, the AAs were more easily retained on the reverse-phase column, and the pyridine amines resulting from these reactions were readily ionized, further demonstrating the effectiveness of derivatization. In comparison with underivatized AAs and TAHS derivatives, the retention of the APDS derivatives was improved. Yang et al. [96] combined N-alkylnicotinic acid (Cn-NA-NHS) with a synthetic N-hydroxysuccinimide ester, whereupon the AAs separated well, with Leu and Ile showing a clear baseline separation. The hydrophobic AAs are more readily retained by prolonging the alkyl chain of the quaternary amino group moiety. By incorporating the quaternary amino group, the derivatized AAs carry a distinct charge.
A summary of the various applications can be found in Table S3.
[bookmark: _Hlk128459785]2.3.2 Gas chromatography tandem mass spectrometry 
AAs are commonly analyzed using GC-MS. Since AAs are nonvolatile, they must be derivatized into volatile compounds before they can be analyzed by GC-MS. Chloroformates and silylation reagents have been widely utilized in derivatizing AAs as they can form stable volatile derivatives [108]. Using an isobutyl chloroformate derivatization method, Ichihara et al. [17] successfully separated 20 AAs from alcoholic beverages, including Leu and Ile. Wang et al. [109] combined N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide with microwave-assisted derivatization to determine nine AAs in tobacco. The advantages of this method are that it takes a short amount of time, is highly sensitive, and allows for the complete separation of Leu and Ile. As with conventional GC methods, all these methods require derivatization but utilize the same derivatization reagents. The manufacturer claims that kits that accompany GC-MS can analyze up to 50 AAs and related compounds in less than seven minutes using chloroformate acyl esters as derivatization reagents [110].
3. Approaches without derivatization
Traditional methods of analyzing BCAAs require derivative processing to enhance detection capabilities, which is time-consuming and easily contaminates chromatographic columns and analytical devices. Nevertheless, MS can extract characteristic ions from a substance based on their mass-to-charge ratios. It allows accurate quantitative and qualitative analysis of different molecules based on the mass spectra of characteristic ions. This is even the case when chromatography or capillary electrophoresis has not completely separated the analytes, avoiding the tedious process of derivatizing the samples. By introducing MS, not only does it improve detectability, but it also eliminates the disadvantage of traditional derivatization. Furthermore, MS combined with CE or chromatography can also increase the efficiency of detection and separation of BCAAs, thereby extending analytical approaches for BCAAs.
3.1 High performance liquid chromatography tandem mass spectrometry
BCAAs’ quantitative analysis is affected by the presence of isobaric compounds (Leu and Ile). This is because tandem MS cannot distinguish between them in the first quadrupole of a triple quadrupole mass spectrometer. Mass spectrometric fragmentation may be used to scan the isomers’ product ions in the third quadrupole, in order to determine the unique fragment ions belonging to each compound. It is possible to separate isomers in chromatography by altering the packing of the stationary phase or by incorporating additives into the mobile phase so that derivatizing reagents are unnecessary [111, 112].
3.1.1 Reverse phase liquid chromatography modes and normal phase chromatography
Ordinary C18 columns are capable of retaining BCAAs, but the isomers Leu and Ile cannot be effectively separated. Recent studies have tried the use of different RP columns for separating underivatized BCAAs in complex matrices, as their poor retention and poor separation on conventional RP columns can affect quantification accuracy. To achieve an optimal quantitative analysis of BCAAs, it is recommended to use modified C18 columns or alternative stationary bonded phases to better separate these isomers. For instance, Liyanaarachchi et al. [113] utilized a highly hydrophobic doubly endcapped stationary phase (Agilent Zorbax Eclipse C18 column) to separate proteinogenic AAs. This C18 column poorly retains polar AAs, hence some AAs were eluted within the theoretical dead time (3.5 min), whereas Leu and Ile produced baseline separations. Furthermore, it was found that low flow rates were more conducive to separating isomers. 
The embedding of polar groups in the stationary phase facilitates the retention of AAs. Examples include columns with ethylene bridges embedded in a silica matrix (Acquity BEH C18 columns) [114], or CAPCELL PAK ADME columns [14] with adamantyl groups embedded in a silica matrix, and polar groups modified on the silica surface (Phenomenex Luna Omega C18 Polar) [115]. Introducing polar groups enhances the retention of polar substances, and effective separation of Leu and Ile is achieved using the above columns. Yang et al. [116] used a Waters Shield C18 column to separate BCAAs in the analysis of human serum samples. The results indicate that five AAs, including BCAAs, eluted within two minutes. Leu and Ile isomers were separated by using different mass transitions for Leu (m/z 132 to m/z 43) and Ile (m/z 132 to m/z 69), respectively. Several replicate analyses were conducted for different levels of Leu and Ile, and peak area ratios were calculated and then calibrated using these ratios as a basis for quantitative analysis. The results were compared with those of another method (elution within 6 minutes; the same polar groups were embedded), and both results correlated well. Another study included a stationary phase with an embedded polar group. Although the 22 AAs were effectively separated using an Agilent Zorbax Bonus RP column (amide groups embedded in C14 alkyl chains), the BCAAs Leu and Ile were not separated [117].
[bookmark: _Hlk130188214]Other strategies to improve the retention of AAs in RPLC, alongside embedding polar groups, include using pentafluorophenyl (PFP) as an alternative stationary phase to replace traditional C18 and C8 stationary phases [22, 118]. Kaddah et al. [118] used PFP columns to separate 20 AAs, including Leu and Ile. Compared to C18 columns, this column exhibits significant advantages for isomer separation. Considerable changes in the interaction between the PFP stationary phase and the solute facilitated the separation. The enhanced analytical Rs could be attributed to the dipole, π-π, charge transfer, and ion exchange interactions of PFP which improved the separation and retention of polar compounds [119].
[bookmark: _Hlk133693700]Additionally, C18 materials are combined with PFP functionality to create new stationary phases. This strategy retains the benefits of C18 (hydrophobicity, stability), while combining several retention mechanisms similar to those of a PFP stationary phase. Recently, seven columns were tested to separate BCAAs in human serum samples [120]. According to the results, two of the four non-polar columns (ACE C18, Rs = 2.05; Waters Acquity BEH C18, Rs = 1.65) baseline separated the two isomers Leu and Ile, while one of the tested PFP columns showed the weakest separation (Rs = 1.07). The three remaining columns efficiently separate BCAAs with good peak shapes and theoretical plate counts greater than 10,000. ACE C18-PFP shows excellent separation of Leu and Ile (ACE C18-PFP, Rs = 3.07). There was also good separation for both HILIC columns (Waters BEH Amide, pH = 3: Rs =1.23; pH = 5: Rs = 1.65 and Thermo Scientific Syncronis HILIC, Rs = 1.25 at pH = 3; Rs = 1.18 at pH = 5) and for the AAs specific column (Intrada AAs, Rs = 1.5). However, both HILIC columns had poor peak shapes when separating Val, and the Thermo Scientific Syncronis HILIC failed to detect Val at pH = 5. Although the Intrada AAs dedicated column was adequate for separating BCAAs, it performed somewhat less well for separating Leu and Ile than the C-18 PFP column. Finally, 10 serum samples were tested using the AAs specific column (Intrada) and the ACE C18-PFP column, with excellent agreement between the two methods. Given these results, using the ACE C18-PFP column for BCAAs separation might be a good idea. 
In the current situation, RP chromatography is the preferred method for analyzing BCAAs, and normal-phase columns have been underutilized in the determination of AAs. However, normal phase (NP) chromatography is known to provide excellent separation of AAs, which is compatible with MS detection. In a study of 20 proteinogenic AAs in Spanish orange juice, a gradient elution of H2O-ACN (20:80) and H2O-MeOH (10:90) at pH 3 was used with NP chromatography. Unfortunately, the separation of isomers was not achieved in this study [121].

3.1.2 Ion-pair chromatography
Ion-pair chromatography (IPC) is a type of RPLC chromatography. It facilitates the interaction between the analytes and the stationary phase by adding a particular ion-pair reagent to the mobile phase. Thus, it is possible to solve the problem of poor retention of strongly polar compounds on reverse phase chromatographic columns using ion-pair RPLC without undergoing a time-consuming derivatization procedure. Ionic surfactants are typical ion-pair reagents, where ion exchange serves as one of the retention mechanisms, which allows ionic species with opposite charges to be attracted by immobilized ion-pair reagents and thus be retained on a chromatographic column. Some of the more common ones include alkyl sulfonates (which are non-volatile and are not used in conjunction with MS), alkyl perchlorates (which are used solely to suppress peak tailing), tetraalkylammonium salts (which are used to retain negatively charged substances), or perfluoro carboxylic acids. For AAs analysis, adding negatively charged reagents (alkyl sulfonates or perfluoro carboxylic acids) can increase the retention of positively charged AAs in the column [111].
[bookmark: _Hlk133681315][bookmark: _Hlk133681400]A wide variety of perfluoro carboxylic acids can be used as ion-pairing reagents in the analysis of BCAAs, the most widespread of which is heptafluorobutyric acid (HFBA). HFBA was used as an ion-pair reagent to enhance the residence time of polar analytes in the RP column, thereby improving the overall chromatographic quality (thermodynamics and kinetics). It is also worth noting that, unlike other perfluoroalkyl carboxylic acids, HFBA-containing eluents do not require prolonged re-equilibrations between successive runs [122], because its adsorption on the C18 chain is negligible. Furthermore, HFBA has two advantages in the aspect of chromatographic separation of BCAAs. The first benefit is that it enhances the retention of BCAAs in RP conditions. In addition, HFBA demonstrates different binding to Ile and Allo-Ile, mediated by the steric influence of the C3 methyl group. Due to this differential ion pairing, epimers can be successfully separated by chromatography [13]. As reported by Liu et al., Ile and Leu were well separated when HFBA was added at a concentration of 0.05% [123]. Still, the chromatographic separation performance was limited when the HFBA concentrations were too high (0.1%) or too low (0.01%). HFBA addition allows the method to quantify AAs in complex media, such as mouse lung tissue, plasma, and urine, and to isolate 35 metabolites (31 AAs) in 22 minutes [124]. Furthermore, IPC is useful for determining aminated AAs, lipids, amines, nucleosides, vitamins, acylcarnitines, and other substances. A quantitative untargeted metabolomics study using UHPLC-ESI-TOF/MS on eight AAs and eight acylcarnitines obtained a very good separation of Leu and Ile after adding HFBA. It was also noted that ESI ion suppression was lowest when the sample dilution was 1:8 [125]. Harder et al. [126] proposed separating AAs by reacting with butanolic HCl and adding HFBA reagent. The formation of the butyl ester relative to the underivatized AAs increases lipophilicity and facilitates localization to the droplet surface during desolvation. HFBA enhances the retention of positively charged ions on the chromatogram, improving detection sensitivity. The method is also noted for reducing matrix effects and signal suppression, both in sample preparation and in the selection of ion sources. A major advantage of using APCI as ion source is that background signal and matrix effects are typically lower than with ESI. Meanwhile, adding HCl to the matrix during the derivatization process destroys phospholipids, thereby minimizing the effects of ion suppression by the matrix. Nevertheless, a protective covering by a mucous membrane is needed to minimize corrosion to the instrument, caused by high concentrations of hydrogen chloride during evaporation [127]. GC-MS analysis can also be performed using ion-pair reagents. As part of their study, the authors used LC-MS and GC-MS to determine the concentration of AAs in human urine. Compared with LC-MS, GC-MS has obvious advantages regarding analysis time; the whole process takes 2.8 minutes (1.5 minutes for analysis) [128]. 

Even though ion-pairing reagents increase the separation of Leu and Ile, this results in a narrower range of detector options. Due to ion-pairing reagents' strong ultraviolet absorption, negative peaks may appear if the mobile phase absorbance is higher than the analyte, so UV is not typically applied to detect these compounds. Even though most studies use MS as the detector, there are reports in the literature that use an ELSD. Leu and Ile are well separated in ELSD systems; with a Rs of 4.48 [129]. Additionally, a charged aerosol detector (CAD) was used as alternative choice, with limits of quantification as low as nanomolar, which is significantly better than ELSD (30-40 times) [130]. Other authors have achieved chromatographic separation of 19 AAs and taurine using nonafluoropentanoic acid (NFPA) and porous graphitic carbon columns in combination with a CAD [131]. Notably, the author also confirmed that lower column temperatures and lower NFPA concentrations would result in poor separation of some AAs. This is because in IPC the stationary phase is required to be saturated with ion-pairing compound. A suitable column temperature and NFPA concentration ensure the most effective chromatographic performance, as the formed complex is better retained on the stationary phase.
[bookmark: _Hlk130177468]HFBA has historically been used widely as an ion-pairing reagent. However, some AAs have eluted within the dead time due to problems such as the size of the chromatographic column or an inappropriate concentration of HFBA [132]. It has even been found that HFBA inhibits glycine and glutamate signals [133]. In contrast, long carbon chain ion-pair reagents are suitable, such as NFPA, tridecafluoroheptanoic acid (TDFHA), and pentafluorooctanoic acid (PFOA). Their longer alkyl chains are more hydrophobic and so AAs are retained more. However, they are less frequently used in MS, where longer equilibration times are required for PFOA. In a study by Hutchings et al., 19 AAs were separated in permafrost soil samples with NFPA. A fascinating observation was that Leu and Ile were well separated under isocratic elution conditions. However, this isocratic elution resulted in peak broadening [134]. In another study, TDFHA and PFOA were used as ion-pairing reagents. In contrast to Leu and Ile, Val was surprisingly not well separated, with specific AAs (Lys, His and Arg) co-eluting with system peaks at the end of the chromatogram [135]. Added TDFHA can also detect proline that cannot be seen by OPA derivatization. It is worth noting that Horňák et al. also mentioned that a longer equilibration time is necessary to obtain stable retention. Generally, 20-50 times the column volume is needed for equilibration [136].
Combining IPC and MS to determine BCAAs provides one option as a non-derivatization method. However, it is undeniable that the IPC in general has certain disadvantages. 1) The ion-pair reagents have strong UV absorption, and the selection range of the detector becomes narrower. 2) Ion-pair reagents cause inhibition of ionization and retention time shifts, which can only be detected in the ESI+ mode [137]. 3) The required column equilibration time is significantly longer than that of conventional RPLC (10 times the column volume), which is not conducive to using gradient elution. 4) Ensuring the complete binding of the stationary phase and ion-pair reagents requires strict control of the column temperature and the organic phase content, increasing the difficulty of gradient elution. 5) One column should be dedicated to the IPC work. There is no restriction on the ion-pairing reagent used on a column but removing them from the column can be very difficult.
In addition, other types of RPLC can achieve the separation of BCAAs. These can be embedded polar groups (pure-water column in reverse-phase mode) or dedicated to polar or basic columns.

3.1.3 Mixed-mode chromatography
As mentioned above, IEC with ninhydrin-derived reagents for UV detection has become the gold standard for determining AAs in clinical assays [61]. IEC is based on the fact that AAs possess ionic characteristics. In order to separate and detect AAs, the pH and ion concentration of the buffer may be adjusted to change the charge state of the AAs molecules. The disadvantage of this method is that it is time-consuming and requires tedious sample pretreatment. Additionally, the AAs analyzer has limited sensitivity and selectivity due to its single UV detector.
Comparatively, as an alternative to conventional RPLC and IEC, mixed-mode (MM) RPLC, which uses both RPLC and IEC, maintains the hydrophobic effect of RPLC and takes full advantage of ion exchange. It has been demonstrated to be capable of retaining and analyzing highly polar compounds that are not retained in RPLC [138]. Hydrophobic interactions occur between the hydrophobic side chains of AAs and hydrophobic functional groups on the stationary phase, and ion exchange interactions occur between charged side chains of AAs and ion exchange functional groups on the stationary phase. Different compounds are separated by adjusting the pH conditions for different types of mobile phases. A combination of anion/cation exchange and hydrophobic chromatographic mechanisms on a single column allows for the separation of AAs without the need to derivatize them [139, 140].
[bookmark: _Hlk133693373]This method is advantageous in that (1) it can improve selectivity by combining multiple retention mechanisms, thereby separating both hydrophobic and hydrophilic AAs at the same time. While MM has the ability of RPLC to retain hydrophobic species, IEC automatically enhances the retention of hydrophilic species. (2) It also increases the peak capacity. Since this mode is more effective at retaining polar substances and charged molecules than traditional RPLC, it can separate more peaks than traditional RPLC. (3) A column that can be used for multiple retention mechanisms is realized, avoiding the use of two columns and saving resources. (4) Better Rs and repeatability provide superior separation of complex samples than RPLC and can also reduce interference from interfering substances during analysis and determination. This can also reduce the matrix effects generated by the separation process. (5) The mobile phase composition is similar to RPLC, and the solvent is compatible with MS.
[bookmark: _Hlk130395748][bookmark: _Hlk130395800][bookmark: _Hlk130395771]A crucial consideration for MM RPLC is the choice of column type. A careful selection should be made regarding the type of sample matrix to be analyzed and the type of substance to be separated. The MM columns can be divided into two categories: bimodal and trimodal. These include cation exchange (CEX)/RP, anion exchange (AEX)/RP, CEX/HILIC, and AEX/HILIC bimodal phases. The RP/AEX/CEX and HILIC/AEX/CEX phases are trimodal [141, 142].
[bookmark: _Hlk133692782]Piri-Moghadem et al. [143] evaluated eight chromatographic columns to detect BCAAs in samples from MSUD patients. It should be noted that the C18 and F5 columns were unable to retain the BCAAs. Meanwhile, the CN column was able to retain the BCAAs, but the three AAs were eluted together and could not be separated. Even though Luna NH2 (weak anion exchange, WAX) column and HILIC columns could distinguish structural isomers, they could not determine the stereoisomers Ile and allo-isoleucine (Allo-Ile). Separating the three isomers by a chiral column and Luna SCX column was possible, but the isomers overlapped by 30-40% of the peak height. However, a MM column (Intrada) can completely separate the isomers of BCAAs. The effect on the separation is the most obvious, and the detection limit for BCAAs is 0.6 μM [143]. CEX/HILIC MM columns have been used in several AAs studies [144-147], which do not require either derivatization or ion pairing. Analyte charge state affects the separation efficiency and elution sequence of this technique.
The Intrada AAs column was specially designed for AAs analysis, allowing the separation of Leu and Ile without the need for derivatization. DeArmond et al. [148] used Imtakt Intrada columns (containing hydrophilic and cation-exchange ligands embedded within the stationary phase) to efficiently separate 39 AAs from human plasma and urine within 15 minutes, where the isobaric compounds (i.e., Allo-Ile, Leu and Ile) were separated (Rs more than 1). Similar to what was shown in figure 1, in MRM transition, the same qualitative ions (132 > 86) were used, but different quantitative ions were used for separation (132 > 69 for Allo-Ile and Ile, 132 > 43 for Leu). It is a simple analytical method that requires a short analysis time, and the separation of the isomers is significantly better than previously reported [145, 146] (see Figure 5). DeArmond’s study [148] showed that ACN and water are more conducive to the separation and ionization of Leu and Ile than MeOH and that the retention time is reduced. The results were compared with an AAs analyzer (Hitachi L-8800). The two methods analyzed blood samples well, but some AAs showed differences in urine samples, including BCAAs, Phe, Tyr, Met, and citrulline. This is believed to be due to interactions between substances in the urine matrix and ninhydrin, resulting in an increased baseline and additional interfering peaks in the AA analyzer. Similarly, AAs (BCAAs, Phe, Tyr, Met and citrulline) experienced significant interference within 30-90 minutes of elution in the HPLC-MS/MS method, resulting in a bias in urine samples, suggesting that matrix effects play a role in urine sample quantification. However, for precise quantification, the chromatographic separation of Leu and Ile with a Rs of 1.15 would result in about 1% peak overlap at similar peak heights and Gaussian peak shapes [149]. As far as quantification is concerned, MS offers a better solution. Various MRM conversion modes were used to quantify the characteristic ion pairs for Ile (132>69) and Leu (132>43). An additional study selected a trimodal phase Thermo Scientific™ Acclaim™ Trinity P1 column (RP/AEX/CEX) with strong ion exchange interactions and low RP retention [150], which allows the separation of strongly polar AAs and reduces retention time. This resulted in the Rs of 52 types of AAs in human plasma within 18 minutes. Compared with post-column derivatization in IEC, the detection results have a good correlation, and the sensitivity is at least 50 times higher [145].
An essential step in obtaining optimal chromatographic results is to optimize the elution conditions. The composition of the mobile phase, the concentration of buffer salt, and the strength of the acid determine the effectiveness of such chromatographic separation. 
[bookmark: _Hlk130397047][bookmark: _Hlk133681630]A detailed comparison of the influence of the following factors on the chromatographic separation is presented in reference [138]. (1) Buffer salt type and concentration. In the analysis of AAs, ammonium formate (AMF) separates better than ammonium acetate (AMAc). It was observed that the BCAAs were not detected at buffer salt concentrations less than 0.1 M, indicating that higher salt concentrations are necessary for their elution. Moreover, the retention time decreased when the buffer salt concentration was increased from 1-10 mM, while it remained relatively constant from 10-100 mM. Therefore, to achieve optimal separation and sensitivity, a buffer salt concentration greater than 10 mM, specifically AMF, is recommended. The stationary phase of the chromatographic column is considered to be negatively charged at this concentration, and the ammonium cation is believed to primarily interact with the stationary phase to elute the AAs. Furthermore, when detecting positively charged analytes, such as Arg, His, and Lys, a buffer salt concentration greater than 50 mM is recommended to achieve better sensitivity and separation efficiency. (2) Acidity and salinity. Acidity was found to have a certain impact on increasing retention time and peak width of Ile, while salinity only affects the retention time. Silanol groups on the stationary phase surface are ionized at high pH, providing retention through cation exchange [151]. (3) Composition of the mobile phase. Regarding hydrophobic AAs (including BCAAs) and polar and negatively charged AAs, aprotic solvents such as tetrahydrofuran (THF) and ACN afford a better retention effect than protic solvents (isopropanol, ethanol, MeOH). The use of THF alone may cause swelling of polyether etherketone materials [11]. Adding protic solvents such as MeOH or ethanol can shorten the retention time.
3.1.4 Hydrophilic interaction liquid chromatography-mass spectrometry
Alpert et al. [152] pioneered the HILIC separation mode and applied a strong cation exchange sulfonated (PolySulfoethyl A) resin column to separate AAs and peptides. HILIC is a variant form of normal-phase chromatography combined with RP chromatography using a polar stationary phase and an organic phase containing the same components as in RP chromatography. In the HILIC separation, a highly organic mobile phase generates a water-rich layer on the surface of different types of polar stationary phases. As polar analytes are soluble in the water layer, they can interact with the polar stationary phase and be retained in various ways. The introduction of the HILIC mode has played a crucial role in the separation of AAs, which can be retained in ways that are difficult to achieve in RPLC [153]. HILIC not only retains polar analytes that cannot be retained in RPLC, but also improves the peak shape and sensitivity of polar compounds, enabling precise quantification [154]. On the one hand, a substantial amount of organic phase in the analytical system decreases pressure during instrument operation, thus preventing the potentially detrimental effects of high pressure induced by elevated flow rates. On the other hand, the presence of a significant organic phase content results in increased ionization efficiency of analytes in MS, thereby enhancing detection sensitivity. Any stationary phase that can retain water can be used in HILIC. In BCAA analysis, HILIC stationary phases are classified according to their charge state, which is linked to the nature of their functional groups (classified as neutral (amide group), charged (amino group), or amphoteric (sulfobetaine)) [155].

[bookmark: _Hlk130399028]When separating BCAAs using HILIC, the amide-based stationary phase is the most frequently used. Although this stationary phase effectively separates polar compounds, various chromatographic parameters can still impact the HILIC column performance, leading to suboptimal separation efficiency. Notably, despite utilizing a TSK-GEL AMIDE-80 column, which has an amide-based stationary phase, it was impossible to separate the isomers Leu and Ile [156]. In many subsequent studies, it was discovered that the use of Waters BEH Amide chromatographic columns, which utilize ethylene-bridged hybrid (BEH) particle technology and amide bonding technology, enabled a successful separation of these isomers. Violi et al. [157] developed a method to quantify 16 protein AAs in a human neuroblastoma cell line (SH-SY5Y) by ACN adduct formation using the HILIC-MS technique. In contrast to conventional protonation-based methods, this method significantly improves the detection limit for AAs, except for Arg, His, Lys, and Gln, which form relatively few ACN adducts. Although still an order of magnitude above the detection limit of conventional derivatization methods, the contamination of the instrument by derivatization reagents is eliminated. 
[bookmark: _Hlk130242370][bookmark: _Hlk128457188]Meanwhile, the separation performance of HILIC columns is also affected by chromatographic parameters (ACN content, pH, buffer additives, and column temperature) [155]. In this case, adding AMF or AMAc favors the separation of the isomers [157] (see Figure 6), while the column temperature does not favor the separation. The best intensities and peak shapes are obtained when 0.1% FA is used as an additive. However, considering the separation of Asp and Glu, the concentration of AMF in the mobile phase was finally determined to be 80 mM and 0.6% FA to ensure that the pH of the mobile phase was close to the isoelectric point of Asp and Glu. It was also noted that the S/N increased 40-50 times when the electrospray voltage was reduced to 0 compared to 4 kV [158]. Yuan et al. [159] used a Waters Acquity BEH Amide column for his UPLC study. They proposed a different view that the addition of AMF to the mobile phase should be unnecessary. AMF may potentially result in decreased efficiency of ESI, thereby significantly suppressing the MS signal response. Moreover, certain AAs such as Asp and His exhibit tailing peaks, which negatively impacts the sensitivity of the analysis [160, 161]. The removal of AMF would lead to an increase in peak area (it is 4-74 times higher compared to using 5 mM AMF) and a decrease in peak width, resulting in a significant increase in sensitivity, which would be more favorable for the quantitation of Leu and Ile. In addition, unique quantification ions (m/z 43.2 and 69.2) were identified in the low kurtosis region, which can be directly relied upon for separation in the mass spectrometer. In contrast, the reduction in retention time may be due to a reduction in the thickness of the partially immobilized water layer on the silica surface, resulting in the partitioning of AAs into the organic phase, thus avoiding contamination of the instrument by salt. In terms of sample processing, the retention time can be reduced by adding HCl to the sample, compared with adding FA, which may alter the ionization state or other properties of the AAs. Alternatively, more than 50% ACN may be added to the sample solvent to prevent broad or split peaks.
[bookmark: _Hlk130242395]HILIC-MS has been widely used to determine AAs in a wide range of complex matrices. This technique can chromatographically retain many of the AAs with good separation of Leu and Ile. For example, while 29 AAs were determined in human urine [162], 36 AAs could be analyzed in plasma samples in 18 minutes [154]. In the determination of 23 AAs in exhaled breath condensate samples from pediatric leukemia patients, the AAs could be better separated using vacuum evaporation concentration than the lyophilization method [163]. In determining environmental water samples, SPE-treated samples had less matrix effects than the large volume injection method [164]. In addition, to reduce the impact of matrix effects and other sources of error in the preparation of the sample, quadruple isotope dilution (ID) strategies methods have been widely used to determine free AAs in plasma and urine [165].
Ma et al. [161] employed three chromatographic columns to separate 20 AAs in honey. AAs were poorly retained by the Polar C18 and HSS T3 columns. Moreover, Polar C18 (not reaching the baseline) and HSS T3 columns (poorly shaped peak) failed to separate adequately Leu and Ile. In contrast, the amide column demonstrated significant advantages in separating Leu and Ile. Additionally, a comparison was made among different HILIC chromatographic columns (InfinityLab Poroshell 120 HILIC-Z and Sequant® ZIC®-pHILIC) to separate isomers [166, 167]. Waters XBridge Amide chromatographic columns were more effective than Agilent Poroshell 120 HILIC chromatography columns in separating Leu and Ile, even though zwitterionic columns can separate isomers [168].
An amino functionality was also used in the stationary phase, and a 5 μm particle size column (Phenomenex Luna-NH2) was used with isocratic elution, resulting in an overall run time of 40 min, with all AAs eluting within 12-21 min and excellent Rs between Leu (12.2 min) and Ile (15.1 min) [84].
Aside from coupling with MS, HILIC can also be used with CAD to analyze AAs [169, 170]. Socia et al. used a Thermo Accucore Amide HILIC column to detect AAs in protein samples with HILIC-CAD [169]. Although Arg and His could not be separated, Leu and Ile could. Moreover, Pawellek developed different methods for IPC-CAD and HILIC-CAD to analyze BCAAs and their impurities. Both methods were evaluated using the response surface methodology with (Phe, Ala, and Leu as references) for CAD response and signal-to-noise ratio, since the response height of CAD is closely associated with the composition of the mobile phase. There appeared to be a significant advantage in response intensity and signal to noise of AAs for the HILIC-CAD method over the IPC-CAD method. The Rs between Leu and Ile isomers was found to be greater than 2.5 in HILIC-CAD. Of note, dedicated methods were developed for the impurity profiling of the three BCAAs [170].
Compared with derivatization, HILIC-MS provides clear advantages in analyzing AAs. Among the reasons for this are eliminating time-consuming derivatization steps, preventing detector and column contamination due to derivatization and IPC reagents, and excellent peak shapes and compatibility with MS, resulting in increased sensitivity. In most cases, HILIC columns can achieve baseline separation for BCAAs. However, in terms of sensitivity, the HILIC-MS method is less sensitive than the derivatized RPLC-MS method [87]. HILIC columns exhibit relatively high levels of column bleeding when coupled to MS and CAD. Excessive noise and background signals are possibly due to low levels of non-volatile and semi-volatile mobile phase impurities [171-173].
Table S4 lists the various applications.
[bookmark: _Hlk130335681]3.2 Capillary electrophoresis-ultraviolet detector
[bookmark: _Hlk130391731][bookmark: _Hlk130391717][bookmark: _Hlk130391694]Based on the UV absorbance of BCAAs below 200 nm, Qiu et al. [69] performed CE analyses using direct or indirect detection to determine BCAAs in sports drinks. In the direct assay with a BGE consisting of 40.0 mM Na2B4O7 and 40.0 mM β-cyclodextrin (β-CD), no baseline separation of Leu and Ile was achieved at pH 10.2. It was found that a BGE containing 2.0 mM Na2HPO4, 10.0 mM p-aminosalicylic acid as a UV absorbance probe allowing indirect UV detection at 264 nm, and 40.0 mM β-CD, at pH 12.2, resulted in a Rs of approximately 1.0 between Leu and Ile.
3.3 Capillary electrophoresis - capacitively coupled contactless conductivity detection
Capillary electrophoresis - capacitively coupled contactless conductivity detection (CE-C4D) uses differences in charge, size and shape of the analyte along with the mobility of the BGE co-ion, while adjusting the concentration of the BGE and inner diameter of the capillary to achieve better separation and detection [174]. Through CE-C4D, AAs, sugars, and many other low UV-absorbing substances may be directly analyzed under their native condition without requiring lengthy derivatization [175, 176]. The technique is characterized by low injection volumes, a short migration time and moderate to high sensitivity.
[bookmark: _Hlk130403300]BCAAs are commonly measured with acetic acid (AcOH) as the BGE. Amino groups are protonated in acidic media, and carboxyl groups remain undissociated, resulting in BCAAs migrating as cations and appearing as negative peaks in C4D [177]. CE-C4D can separate 20 protein AAs and 12 other compounds from amniotic fluid, using 1.7 M AcOH and 0.1% hydroxyethyl cellulose as the BGE on capillaries with an inner diameter of 75 μm. In spite of the fact that HEC stabilized the electroosmotic flow and prevented analytes from adsorbing to the capillary wall, the BCAAs separation was not satisfactory [178]. 
The use of fine capillaries with an inner diameter of 25 μm has been found to provide higher sensitivity and separation efficiency with levels of LOD down to a micromolar level in practice [179]. A significant improvement in separation was achieved by adding MeOH to the sample. In Tůma's method [180], the BGE was a 20% MeOH solution of just AcOH applied to a capillary of 14.7 cm length under high field strength. There was a rapid separation of BCAAs from plasma samples within two minutes. The separation efficiency was approximately 500 000 plates/m, and all resolutions were greater than 1. As a result of some minor changes to the above conditions, they successfully separated BCAAs, Ala, Gln from plasma of patients with pancreatic cancer and cancer cachexia syndrome using 13% v/v MeOH with 3.2 M AcOH as BGE in short capillaries of 18 cm [19].
[bookmark: _Hlk130403560]A second strategy to achieve high performance capillary electrophoretic separations, in addition to using small inner diameter capillary columns, is to control the electroosmotic flow within the capillary and limit the adsorption of analytes on the capillary wall. Aside from the aforementioned addition of HEC, other hydrophilic polymers are also available which result in a less cathodic EOF. With 2% m/v polyethylene glycol as BGE at three different AcOH concentrations (0.5, 4 and 8 M), 28 AAs could be separated from various matrices (blood plasma, urine, saliva, and cerebrospinal fluid). Even though BCAAs were not completely separated, the overall separation time for AAs was less than six minutes, which further demonstrates the high efficiency of CE-C4D for AAs separation [181]. Dvořák et al. also quantified AAs in blood, but this time in dried blood spots using 0.1% (v/v) Tween 20 and 1 mM 18-crown-6 added to 1.6 M AcOH as BGE. Even though the BCAAs separation was not fully achieved, it was compared with wet blood chemistry, and both were highly correlated [182]. A combination of two methods employing AcOH and cyclodextrin-based BGEs has been used to analyze 20 AAs using CE-C4D. Despite this, the individual methods did not achieve separation of BCAAs [183].
[bookmark: _Hlk128429608]Coated capillaries can also inhibit adsorption. Tůma et al. [184] employed an innovative covalently coated capillary based on polyacrylamide and 3-acrylamidopropyl-trimethylammonium chloride to achieve baseline separation of five AAs, including BCAAs, from arterial and venous blood samples of patients suffering from hyperinsulinemia with cachectic disease. Using counter-current electrophoresis with this [acrylamide-co-(3-acrylamidopropyl) trimethylammonium chloride] coating, an anodic EOF was produced, causing the AAs to migrate in the opposite direction, resulting in a significant increase in separation between the five AAs, with a Rs of 2.47 between Leu and Ile. Guo et al. [185] developed a home-made CE-C4D that uses 2.5 M AcOH for the BGE and applies a double-end injection method to inject cations from the positive port (by siphoning) and then anions from the negative port (by electrokinetic injection) in a single CE analysis. The cations and anions migrate in opposite directions when the sample is injected at both ends, and both types of ions reach the detector in the middle. In the method validation, 37 ions, including BCAAs, were successfully separated with good repeatability and the principle was successfully applied to the analysis of 21 beers.
Alternatively, CE-C4D can also be used in combination with electromembrane extraction or microdialysis techniques for the direct detection of BCAAs in complex matrices. Tůma et al. [19] utilize microdialysis techniques in conjunction with CE-C4D for the analysis of adipose tissue microdialysis metabolites (glucose, lactate, glycerol, and BCAAs). Adding acidified ACN to the sample on a 25 µm capillary coated with coating solution for elimination of EOF (described by the same author before), improves the separation efficiency, and BCAAs more readily migrate from the sample zone. For all three BCAAs, LODs were at 0.1µM with complete separation down to the baseline. In another project [186], polypropylene hollow fibers with 1-ethyl-2-nitrobenzene/bis-(2-ethylhexyl)phosphonic acid were used to support a liquid membrane under an electric field. In order to avoid interference from other matrix components, AAs cations were selectively retained from the sample solution into the fiber lumen filled with 2.5 M AcOH as acceptor solution, and then analyzed by CE-C4D using 2.5 M AcOH as the BGE. Blood and urine samples were tested for the concentration of 12 of the 17 AAs, including BCAAs. Very interestingly, it has been reported that multiple detectors were incorporated into a portable fully automated CE, including the (1) LIF or C4D, or (2) ESI-MS detectors, but the Leu/Ile isomers were not separated [187].
3.4 Capillary electrophoresis tandem mass spectrometry 
The capillary electrophoresis separation technique is ideally suited for the analytical determination of polar and charged compounds. MS enables the direct separation of substances based on m/z ratios. The CE-MS provides a superior strategy for the determination of non-derivatized BCAAs by separating samples based on the charge-to-size ratio of the substances without the need for derivatization. A volume of injection within the range of nL is advantageous for microanalysis. CE and MS interfaces are a critical issue, since the BGE must be selected to be compatible with MS, and limited options are available. There are two interface modes, the sheath flow mode, where a low flow rate sheath liquid is used to aid in the ionization and provide an electrical contact on the outlet side, and the sheathless mode [177].
3.4.1 Sheathless mode
[bookmark: _Hlk130400483]A reliable interface between CE and MS is essential for coupling the two instruments. A conventional sheath flow method (see 3.2.2) dilutes the target molecules, which reduces sensitivity and accuracy. Moini et al. [188] developed the CE sheathless ionization (CESI) technique to improve this interface, in which glass is etched with hydrofluoric acid to create a thin-walled emitter. Emitter sprays are used to bring electrophoretically separated compounds into the MS. Sheathless ionization allows compounds to be quantified and identified more accurately, with higher sensitivity and selectivity.
[bookmark: _Hlk130400514][bookmark: _Hlk130400669][bookmark: _Hlk130400740]Hirayama et al. [189] used the high-sensitivity porous sprayer commercial prototype to perform sheathless CE-ESI-MS on 53 cationic metabolites in human urine. When FA was used as the background electrolyte, it was observed that Leu and Ile could not be separated. However, this issue was resolved using an AcOH concentration of 0.7 M (10% v/v), successfully separating both AAs. This improvement in separation may be attributed to the fact that at lower pH values, ion exchange between the protonated analyte and the capillary wall is reduced. This increases the number of theoretical plates of the method. It is imperative to note that adding MeOH to the background electrolyte should be avoided to prevent a reduction in signal intensity. The method exhibits over 5 times more sensitivity for around half of the 53 compounds than the conventional sheath flow method. However, the detection limits for Ile and Leu are consistent with those of the conventional sheath flow method. In contrast, the detection limit for Val is slightly lower for the sheath flow method. Zhang et al. [190] implemented the sheathless CE-MS method by utilizing transient isotachophoresis at the porous tip interface. By increasing the injection volume to 42 nL and using 10% AcOH as the background electrolyte, the LOD of the method was successfully reduced to nanomolar levels. Application of the method to the identification of cationic metabolites in HepG2 cells resulted in the detection of more than 24 compounds, with poor separation of Leu and Ile. Jeong et al. [191] presented a novel sheathless ESI interface method that uses ion carrier membranes filled with conductive channels to achieve coupling between the ionized sample and the mass spectrometer. Compared to the conventional sheath flow interface, this method uses a volatile alkaline background electrolyte, AMAc, instead of an acidic electrolyte. Although Leu and Ile could not be separated successfully, the remaining nine AAs were separated in less than 15 minutes. It also has a theoretical plate number count of over 1,000,000 and is highly repeatability. Furthermore, the AAs content of human serum was measured, and both HPLC-ID-MS and CE/ID-MS were highly correlated. Kawai [192] developed a large-volume dual pre-concentration by large-volume dual pre-concentration by isotachophoresis and stacking -CZE-MS that combines a thin-walled capillary tapering, to obtain a conical emitter ("nanoCESI"), with isotachophoresis and stacking. 20 AAs were successfully quantified in HeLa cells using this method, with sub-nanomolar LOD and successful baseline separation of Leu and Ile. The baseline separation of Leu and Ile was achieved with an overall 800-fold increase in sensitivity.
3.4.2 Sheath flow mode
CE-MS separates the analytes for AAs analysis based on differences in electrophoretic mobility and their charge and size. If the pH BGE is below 2.77, the AAs will be positively charged and migrate toward the cathode toward the ESI source. In contrast, at pH=10.76, AAs will be negatively charged, but separation of anionic compounds by CE-MS will be less sensitive [193].
For this reason, FA is often chosen as the BGE, compensating for the reduced sensitivity due to the small sample volume injected in CE (<20-40 nL). The pH-mediated stacking method has been widely utilized for AAs analysis by injecting a basic plug before acidic samples [194]. Chalcraft et al. [195] used CE-ESI-MS on dried blood spot samples to screen for inborn metabolic defects in newborns. An on-line sample pre-concentration and desalting step was employed to improve sensitivity and limit ionization inhibition caused by isomers or isotopes. For this reason, ACN was chosen at 15%, where the Rs is > 1.1, to achieve baseline separation of Leu, Ile, and Allo-Ile. However, too much ACN, even if it improves the peak shape of the long-chain acylcarnitines, affects the separation of Ile and Allo-Ile. Similar results were obtained by adding MeOH to the BGE to facilitate baseline separation of the Leu, Ile, and Allo-Ile isomers. Peak height was enhanced sixfold under pH-mediated stacking conditions [196]. Piestansky et al. [197] performed CE-ESI-MS using an in-capillary pre-concentration technique, whereby an extra plug of 12.5% ammonium hydroxide was hydrodynamically injected at 20 mbar pressure for five seconds. This method was validated by combining 5 mM AMAc with 50 mM MeOH as a sheath solution with 500 mM FA at pH 2.0 as BGE, resulting in a significant increase in the separation of Ile and Leu (Rs = 2.13) and high repeatability. It was successfully applied to determine BCAAs in various matrices (energy drinks, sports nutrition supplements, and human plasma), improving LOD values by more than 80-fold over other CE-MS methods. TOF instruments provide accurate mass numbers and migration times for compound identification in CE due to their mass accuracy and stability. An additional study used CE-ESI-TOF-MS to achieve baseline separation of Leu and Ile [198]. A higher FA concentration introduced greater current interference but improved the separation simultaneously. In addition, it has been reported that adding organic modifiers (ACN, 2-propanol, MeOH) to the 2 M FA BGE did not improve the separation [199]. To achieve baseline Rs between Leu and Ile, Skrutková et al. [199] used a BGE composed of 15% AcOH without adding modifiers, and simultaneously quantified 19 AAs. Piestansky et al.[200] used FA as the BGE, but only partial separation of Leu and Ile was achieved, However, the Rs was adequate for quantification. In human urine, 20 AAs were quantified, and the results generally concurred with those obtained using UPLC-MS. While CE-ESI-MS improved the S/N and peak area and increased sensitivity, Wang et al. [201] used a flow-through microvial interface instead of a conventional sheath flow interface, which could only resolve Leu and Ile partially. 
3.4.3 Microchip capillary electrophoresis
In view of the miniature scale of microchip electrophoresis (MCE), it is suitable for high throughput screening of biomarkers in metabolomics. It improves the selectivity and sensitivity of the MS for detection and separation of metabolites by the combination of MCE with high-resolution mass spectrometry (HRMS) [202]. In mouse serum, Sah et al. [203] targeted the metabolites associated with high-grade serous carcinoma disease using H2O-isopropanol-ACN-FA (68:20:10:2, v/v/v/v). It took less than three minutes to analyze more than 40 metabolites, with structural isomers such as Leu and Ile separated at baseline. Using microarray-based CE-HRMS, Pickens et al. screened 35 biomarkers for first and second-tier newborn screening using ACN-H2O-FA (50:49.25:0.75, v/v/v) as the BGE and achieved baseline separation between Allo-Ile, Leu and Ile in less than two minutes [204]. Another study similarly isolated the isomers [205] as shown in Figure 7. Ramsey et al. [206] used a microchip CE-HRMS for real-time detection of cell growth by mixing MeOH and H2O 50:50 (v/v) and 2% FA for the BGE, which detected 18 AAs in less than 1.8 minutes. Based on real samples, depletion analysis of AAs in cell growth media was performed in less than three minutes, and baseline separations of isomers were achieved. The signal-to-noise ratio had increased by an average of 28 times compared to previous studies, and the peak height by a factor of 2.6 compared to previous studies. 
With the introduction of microfluidic chips CE-MS [207], 16 AAs were separated in 3 minutes. The migration time repeatability of AAs was very stable, with RSD values below 1.0%.
Please refer to Table S5 for an overview of the CE and MCE applications.
4. Concluding statements
Table 3 summarizes the advantages and disadvantages of all analytical techniques for BCAAs analysis, thus offering a concluding overview of the topic. In addition, the available information on applications has been assembled and classified in the Supporting information. Recent advances in separation techniques have led to more efficient methods for separating BCAAs without requiring derivatization. HPLC and CE with MS have enabled more effective separation of BCAAs, and a low-cost detector (C4D) that requires only a few nanoliters of injection volume is now used in conjunction with CE to provide a straightforward and efficient separation method. Additionally, BCAAs can be detected using CE-MS, MCE, and other recent developments that have become essential for high-throughput detection. Alternatively, BCAAs can be separated using GC-FID and GC-MS, which provide fast separation methods. However, because BCAAs have low volatility, both techniques require extensive sample preparation, despite their high stability and reproducibility. Due to their hydrophobic nature, BCAAs can be retained in RPLC. To improve the efficiency of the separation of BCAA isomers, techniques including the selection of a suitable stationary phase and the addition of specific additives to the mobile phase can be employed. In conjunction with MS, each of the three separation techniques is employed for separation. In addition to the ability to separate Leu and Ile by characteristic product ions, RPLC-MS is also capable of using derivatization reagents with charged groups to improve the MS signal response and increase sensitivity. The concentration of BCAAs is closely related to many diseases in metabolomics studies. Developing highly sensitive, high-throughput, and more convenient analytical methods for BCAAs is vital to clinical disease diagnosis and a deeper insight into nutrient metabolism.
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Figure 1. The fragmentation mechanism of product ions of BCAAs.
Note: A Val, B Leu, C Ile
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Figure 2. AAs are reacted separately with different derivatization reagents.
Note: AQC = 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate; BITC = butyl isothiocyanate; BZITC = benzyl isothiocyanate; CBQCA = 3-(4-carboxybenzoyl)-2-quinolinecarboxaldehyde; CDNBTF = 4-chloro-3,5-dinitrobenzotrifluoride; DABS-Cl = 4-dimethylaminoazobenzene-4ʹ-sulfonyl chloride; Dansyl-Cl = 5-dimethylamino-1-naphthalenesulphonyl chloride; DEEMM = diethyl ethoxymethylenemalonate; FDNB = 1-fluoro-2,4-dinitrobenzene; FDNDEA = N,N-diethyl-2,4-dinitro-5-fluoroaniline; FDNPAA = 1-fluoro-2,4-dinitrophenyl-5-1-alanine amide; FMOC-Cl = 9-fluorenylmethyl chloroformate; FNBT= 1-fluoro-2-nitro-4-(trifluoromethyl) benzene; NBD-F = fluoro-7-nitro-2,1,3-benzoxadiazole; NDA = naphthalene-2,3-dicarboxaldehyde; NPITC = 4-nitrophenylisothiocyanate; OPA = o-phthaldialdehyde, 2-mercaptoethanol; PHA = phanquinone (4,7-phenanthroline-5,6-dione); PITC = phenylisothiocyanate.
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Figure 3.1. Schematic depiction of processes occurring in EMMA. Step A) Injection of “sweeping plug” and reactants. Depicted plug length ratios are equal to the real plug length ratios. Step B) Mixing of reactants by means of EMMA. The injected plug of NaCN is pushed out from the capillary by EOF whereas the merged plugs of reactants (derivatization plug) are kept within the capillary. Step C) Reaction incubation at zero potential allowing high reaction yield. Step D) SDS from the “sweeping plug” sweeps AA-CBIs and results in improved peak shapes  Step E) Separation of AA-CBIs and their transport to the LIF detector cell by EOF. Steps D and E occur simultaneously. The inlet capillary end was immersed either in NaCN solution or the BGE, in all cases the outlet capillary end was immersed in the BGE. 
Figure 3.2. Electropherograms of model sample of AAs (A), 100× diluted pooled human plasma (B) and 100× diluted SICM culture medium (C) on-capillary derivatized by means of optimized EMMA. 
Figure 3.3. Electropherograms of model sample of AAs recorded after on-capillary derivatization by NDA/NaCN using either TDLFP (A) or EMMA (B) mixing strategy. The separation conditions were as follows. BGE: 73 mM SDS, 6.7% (v/v) 1P, 0.5 mM HP-β-CD, 135 mM H3BO3/NaOH, pH 9.00; capillary: 50/375 μm id/od, 66.0/45.0 cm TL/EL; voltage: +30 kV; temperature: 25 °C.
Peak numbering denotes the CBIs of Asn (1), Ser (2), Gln (3), Thr (4), His (5), Cyn-mono-CBI (6), Glu (7), Gly (8), Tyr (9), Ala (10), Asp (11), Tau (12), Ala-Gln (13), Val (14), Met (15), nVal (16), Trp (17), Ile (18), Leu (19), Phe (20), Arg (21), Cyn-bis-CBI (22) and Lys (23). Ref [81], with permission.
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Figure 4. Structural formulae for the reactions of AAs with different derivatization reagents, respectively (for MS detection).
Note: APDS = 3-aminopyridyl-N-hydroxysuccinimidyl carbamate; AQC = AccQ-Tag by Waters, 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate; CIMa-Osu = 2-(3-((benzyloxy)carbonyl)-1-methyl-5-oxoimidazolidin-4-yl)acetate; Cn-NA-NHS = N-hydroxysuccinimide ester of N-alkylnicotinic acid; EBEMM = ethyl benzyl ethoxymethylene malonate; FMOC-Cl = 9-fluorenylmethyl chloroformate; FOSF = 2,5-dioxopyrrolidin-1-yl N-tri(pyrrolidino)phosphoranylideneamino carbamate, DBEMM = dibenzyl ethoxymethylene malonate; 4plex iTRAQ = isobaric tags for relative and absolute quantitation; PCF = Propyl chloroformate; SPTPP = 5-N-succinimidoxy-5-oxopentyl)triphenylphosphonium bromide; TAHS = p-N,N,N-trimethylammonioanilyl N′-hydroxysuccinimidyl carbamate iodide. 
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Figure 5.1. Leucine isomers in plasma. A) 132 > 86 transition, used as qualitative ion for all three isomers, showing degree of separation obtained by this method. B) 132 > 69 transition, which is selective for Allo-Ile and Ile. C) 132 > 43 transition, which is selective for Leu. Figure 5.2. Chromatogram of all components of LC-MS/MS AAs method. Ref [148], with permission.
[image: ]
Figure 6. Total ion chromatograms showing retention times for the 20 AAs analyzed and the internal standard (norvaline). Ref [157], with permission.
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Figure 7. Extracted-ion electropherograms for the evaluation of separation efficiency obtained from (A) standard mixture and (B) human-plasma extract. The peaks of (1) ornithine, (2) Lys, (3) Arg, (4) His, (5) β-alanine, (6) Ala, (7) sarcosine, (8) γ-aminobutyric acid, (9) N,N-dimethylglycine, (10) Gly, (11) creatine, (12) Val, (13) betaine, (14) Ser, (15) homoserine, (16) Thr, (17) Ile, (18) Leu, (19) Asn, (20) Met, (21) Gln, (22) Pro, (23) Glu, (24) Trp, (25) citrulline, (26) Phe, (27) Tyr, and (28) Asp were detected in cation analysis, and those of (29) 3-hydroxybutyric acid, (30) 2-hydroxybutyric acid, (31) lactic acid, (32) fumaric acid, (33) citric acid, and (34) isocitric acid were detected in anion analysis [205].  Reprinted with permission from Sasaki, K., Sagawa, H., Suzuki, M., Yamamoto, H., Tomita, M., Soga, T., Ohashi, Y., Metabolomics Platform with Capillary Electrophoresis Coupled with High-Resolution Mass Spectrometry for Plasma Analysis. Anal. Chem. 2019, 91, 1295-1301. Copyright 2019 American Chemical Society.
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