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Abstract

:

Like many biological compounds, proteins are found primarily in their homochiral form. However, homochirality is not guaranteed throughout life. Determining their chiral proteinogenic sequence is a complex analytical challenge. This is because certain d-amino acids contained in proteins play a role in human health and disease. This is the case, for example, with d-Asp in elastin, β-amyloid and α-crystallin which, respectively, have an action on arteriosclerosis, Alzheimer’s disease and cataracts. Sequence-dependent and sequence-independent are the two strategies for detecting the presence and position of d-amino acids in proteins. These methods rely on enzymatic digestion by a site-specific enzyme and acid hydrolysis in a deuterium or tritium environment to limit the natural racemization of amino acids. In this review, chromatographic and electrophoretic techniques, such as LC, SFC, GC and CE, will be recently developed (2018–2020) for the enantioseparation of amino acids and peptides. For future work, the discovery and development of new chiral stationary phases and derivatization reagents could increase the resolution of chiral separations.
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1. Introduction


Homochirality is omnipresent in biological processes and is essential for the development and maintenance of life. The phenomenon is well known in saccharides when mono-, di-, oligo- and polysaccharides are found in their d-form. Fructose, galactose and glucose are natural monosaccharides found in fruits and vegetables. Lactose, maltose and sucrose are natural disaccharides are made up of galactose and glucose, two glucoses, and glucose and fructose, respectively. They are found in mammalian milk (lactose), malted grains (maltose) and plants, fruits and vegetables (sucrose). Each of them plays a role in human health and diseases. Indeed, these sugars are essential and provide the energy necessary for the proper organ function. Nevertheless, excess blood sugar can cause metabolic disorders such as diabetes [1,2]. Oligo- and polysaccharides are also found in vegetables, fruits and grains. These saccharides could offer a promising hypoglycemic potential, without side effects on the human body [3]. Oligo- and polysaccharides are naturally present as glycosylation on protein sequences. These post-translational modifications can play a physiological role in the human body. The change of nature of glycosylation on protein sequences can modulate inflammatory responses, allow viral immune escape, promotes the onset of cancer cell metastasis and regulate apoptosis [4]. Natural or synthesized drugs are other important source of chiral compounds necessary for life. Their (R)- and (S)-enantiomers can be beneficial, neutral or toxic for human life, with different pharmacology and pharmacokinetics, which is why their enantioseparation is an important bioanalytical challenge. Several separation techniques can be used, including liquid chromatography, gas chromatography, supercritical fluid chromatography and capillary electrophoresis [5].



Not so commonly described as chiral, proteins and peptides are found mainly in their l-amino acid form. Properties of each amino acid in peptides and proteins can play a role in the global properties and function of the peptides and proteins they form. The l- and d-amino acids have very similar chemical and physical properties but differ in their optical character. Peptides containing l-amino acids would be in the α-helical peptide by the left-handed helix rotation, and hypothetically all peptides containing d-amino acids could be in the α-helical peptide by the right-handed helix rotation [6]. The spatial architecture of l-peptides and l-proteins allows them to play an important role in enzymatic specificity and structural interaction. d-peptides and d-proteins are also biostable to proteolytic enzymes [7]. When a d-amino acid appears in a l-peptide or l-protein sequence, the orientation of the amino acid side chain is reversed [8]. This inversion can change the peptide or protein properties, such as affinity for solvents and their interaction with other proteins [9]. However, the reasons for the elimination of d-amino acids in all living organisms composed mainly of l-amino acids are not well known [10]. Nevertheless, thanks to recent technological advances, some d-amino acids in peptides and proteins have been detected in various living organisms, including humans, and they have been found to be generated by enzymatic or non-enzymatic post-translational isomerization, especially in elderly patients, diseased tissues and those with innate immune defense [11,12,13,14,15,16]. Therefore, peptides and proteins containing d-amino acids which are linked to various diseases can be used as novel disease biomarkers, but the amount of research and papers is still limited. Among some peptides containing d-amino acids, the most famous examples are the agatoxins, dermorphin and gramicidin S. Agatoxins are a class of neurotoxin peptides isolated from the Agelenopsis aperta spider venom. Specifically, the ω-agatoxin IV contains 48 amino acids on its sequence with a d-Ser residue at position 46. Its main biological action is to block exclusively the P-type calcium channels. It has no activity against T-type, L-type or N-type calcium channels present on the neuron membranes [17]. Dermorphin is a heptapeptide found in the skin secretions of two frogs Phyllomedusa rhodei and Phyllomedusa sauvagei and contains a d-Ala at the second position. Thanks to this d-Ala, dermorphin has an affinity and selectivity for µ-opioid receptors and has biological activity similar to morphine. However, this opioid activity is lost when the alanine is in its l-form [18]. Gramicidin S is a cyclodecapeptide containing two d-Phe with antibiotic activity against some bacteria, produced by the Gram-positive bacterium Bacillus brevis, and is used to treat wound infections [19].



The list of peptides containing d-amino acid discovered to date is summarized in Table 1, including the position of the d-amino acid. Proteinogenic d-amino acids may also be found in some proteins. Among the most famous examples, d-Asp has been found in the sequence of several proteins, such as elastin, myelin and β-amyloid; in the human aorta; and in the skin and brain tissue of patients with atherosclerosis and Alzheimer’s diseases. Moreover, proteinogenic d-Asp, d-isoAsp, d-Asn, d-Glu, d-isoGlu, d-Ser and d-Thr have been found in the sequence of α- and β-crystallin contained in the human lens [12,20,21,22,23]. The isomerization of these amino acids under physiological conditions may change the higher-order structure of a protein, which in turn may have a role in age-related disorders such as cataracts [12]. Recently, Fujii et al. have proposed a relationship between protein aggregation and Asp isomerization, leading to the cataract formation [24].



Amino acids can also be found in their free form in the human body and intervene in various diseases. Lee et al. are recently reported to free d-Ala has been found in the brain (white and gray matter, serum and cerebrospinal fluid) for patients with Alzheimer’s disease, in the plasma and serum for renal disease, in the serum for liver cirrhosis and hepatocellular carcinoma, in the urine for short bowel syndrome and in the nails for diabetes [48]. Free d-Asp and d-Trp are also found in chickens and mammals including humans and rats. The list of free d-amino acids discovered is summarized in Table 2 by Ayon et al., as well as d-amino acid-containing peptides and proteins, their location and associated roles [49].



Many of these examples come from aging proteins and prove that the homochirality of amino acids in proteins is not guaranteed throughout life and can cause disorders in the human body as age progresses. Therefore, it is important to determine the protein sequence, in particular the position of the supposed d-amino acids.




2. Determination of Chiral Protein Sequences


Due to sequence modification, determining the exact protein sequences can be difficult. These modifications are caused via an enzymatic or a non-enzymatic process. Among these modifications, most frequently of them are the isomerization of amino acids and some post-translational modifications. Amino acid enzymatic isomerization is possible via an amino acid racemase. These racemases are classed into two families: pyridoxal 5’-phosphate-dependent (alanine racemase AlaR, arginine racemase ArgR, aspartate racemase AspR, histidine racemase HisR, lysine racemase LysR and serine racemase SerR), and pyridoxal 5’-phosphate-independent (aspartate racemase AspR, glutamate racemase GluR and proline racemase ProR) [16,56,57]. These racemases can proceed to free amino acid isomerization before or during peptide elongation [58]. On the other hand, the natural conversion of l-amino acid residues to its d-enantiomers in peptides and proteins occurs by non-enzymatic isomerization via a succinimidyl intermediate under physiological conditions. Figure 1 shows the spontaneous isomerization of l-Asp and the deamidation of l-Asn to d-Asp residues via an intramolecular cyclization. This conversion mechanism can also be applied from l-Glu and l-Gln to d-Glu residues. Certain specific amino acid sites seem more favorable to this isomerization and their position and steric environment on the sequence can influence this isomerization [20]. Besides, this non-enzymatic isomerization is associated with aging or disease in general [59]. A kinetic factor can also influence isomerization during ageing. Indeed, Hooi et al. have shown the percentage of racemization, under physiological conditions, in healthy and disease patients as a function of their age. For this study, the racemization of l-Asx, l-Ser, l-Thr, l-Phe, l-Glx and l-Leu was assessed. For healthy lens samples from 12-year-old patients, the l-amino acid racemization rates were 5.7%, 3.3%, 2.7%, 1.9% and 1.6%, respectively. For 80-year-old patients, these rates were 12.6%, 5.9%, 3.5%, 2.3%, 2.0% and 1.6%, respectively. Asx and Ser appear to be amino acids with faster isomerization throughout life. These two amino acids have also been studied in patients with cataracts. At 80 years of age, the racemization of l-Asx and l-Ser was 16.3% and 6.6%, respectively. Compared with healthy patients, these levels are significantly higher and confirm the influence of the disease on the increase in the racemization of amino acids contained in the proteins of the human body [21].



However, in peptides and proteins, the conversion of l/d-amino is not uniform. Thus, it is necessary to examine each amino acid individually at each specific site susceptible to isomerization. Two strategies, as shown in Figure 2, can be used for the determination of chiral peptide and protein sequences: a sequence-dependent strategy and a sequence-independent strategy [14].



With the sequence-dependent strategy, i.e., peptide analysis, two methods can be applied to identify the isomerized position of the amino acid on the sequence. The first method consists of digesting the protein into several peptides by an enzyme. Each enzyme has its specific cleavage sites. Then, these peptides are separated by a chromatographic method, such as RP-HPLC, which is the most used. The collected peptide fractions are analyzed by mass spectrometry and their positions on the protein sequence are identified. These peptides are next hydrolyzed into amino acid residues and all react with a standard protected amino acid, such as Boc-l-cysteine [13] or Boc-l-Leucine [61]. This peptide coupling makes it possible to obtain ll- and dl-dipeptides with different retention times and to distinguishes the l- and d-amino acids of the same mass. Nevertheless, the temperature, pH, metal ions and buffer can influence the efficiency of the peptide or protein enzymatic hydrolysis. Furthermore, recent studies have demonstrated the influence of chiral peptide sequence on enzymatic activity. Indeed, a d-amino acid on the specific cleavage site can prevent its recognition by the enzyme and block enzymatic activity. Moreover, the distance between a d-amino acid on the sequence and the specific site can also influence the degree of enzymatic cleavage [62]. The second method consists of homogenizing the protein in a natural buffer solution. After centrifugation, the water-soluble and water-insoluble fractions are collected. Both fractions are digested by an enzyme. Liquid chromatography coupled to mass spectrometry analysis is used for the separation of these digested peptides and their identification by sequencing coverage. Peptides containing different amino acid enantiomers have different retention times. Then, the retention time of each peptide is compared to that of standard synthesized peptides which several possibilities of enantiomer positions. With this approach, various enzymes or a combination of enzymes with different amino acid enantiomers at specific cleavage sites can be used. As an example, trypsin in association with endoproteinase Asp-N (cleavage at N-terminus l-Asp) [63], l-isoaspartyl methyltransferase (PIMT) (methylation of l-isoAsp) [14,32,35,37,63] and d-aspartyl endoproteinase (DEAP) also named paenidase (cleavage at C-terminus d-Asp) [64] can recognize only l-α-Asp, l-β-Asp and d-α-Asp residues respectively. Other proteases can be used to cleave proteins at specific sites, such as glutamyl endoproteinase Glu-C (cleavage at C-terminus l-Glu) for histone H2B [32] and human immunoglobulin G kappa chain [15] analyses.



The sequence-independent strategy, i.e., analysis of the content of whole amino acids in peptides and proteins consists of hydrolyze peptides and proteins, under acidic conditions and at high temperatures. d- and l-amino acids obtained were analyzed by enantioseparation. HCl/H2O conditions were more frequently used for the hydrolysis of biological material. However, in a hydrogenated environment, the natural conversion of l-amino acids to its enantiomer can take place. Kaiser et al. have shown the rate of racemization of free and proteinogenic amino acids by two different hydrolysis processes [65]. In vapor phase hydrolysis, the average rate of racemization over 11 amino acids for free amino acids was 3.44%, for amino acids of Bovine Serum Albumin (BSA) was 5.77%, and for amino acids of Lysozyme was 3.87%. The same liquid phase hydrolysis experiment showed that the average rate of racemization over 11 amino acids for free amino acids was 1.28%, for amino acids of BSA was 2.06%, and for amino acids of Lysozyme was 2.15%. To limit this natural conversion due to the presence of hydrogen, a DCl/D2O hydrolysis is frequently used [14,28,31,66]. Manning et al. also used a tritiated hydrochloric acid to correct for racemization during acid hydrolysis [67]. In a deuterated or tritiated environment, the hydrogen on the alpha carbon was exchanged with a deuterium or tritium atom and decreases considerably the racemization (Figure 3).



By combining these two previous strategies, another approach for determining the sequences of chiral proteins is possible. Indeed, Livnat et al. have reported the presence of two d-Tyr on GYFD and SYADSKDEESNAALSDFA peptides on achatin-like neuropeptide sequence from Aplysia californica. This approach takes place over three steps. First, neuropeptide was digested by an aminopeptidase M and resistant peptides were screening. Second, a DCl/D2O hydrolysis was used to hydrolyze each resistant peptide. Hydrolyzed amino acids were derivatized with Marfey’s reagent and their chirality was determined by liquid chromatography coupled to mass spectrometry. Finally, when the presence of a d-amino acid was confirmed, the retention time of the endogenous peptide was compared to standard synthetic peptides. A schematic is shown in Figure 4 and Figure 5 [31].




3. Analysis of Chiral Amino Acids


The presence of d-amino acids is confirmed in several peptides and proteins with important biological functions. Improvements in chiral analytical methods now allow precise detection and quantification of these d-amino acids in complex biological materials. Chromatographic and electrophoretic techniques coupled to mass spectrometry are the most popular platforms, owing to advances in chiral stationary phase (CSP) and derivatization chemistry. Employing a derivatization reagent contributes to the accurate detection of trace levels of proteinogenic amino acid enantiomers in different matrices. The separation of chiral amino acids or even peptides is only possible by a chiral approach which can be created by two methods: the direct or indirect method, described below.



3.1. Direct Method


The direct method consists of separating the optical isomers using a chiral selector by one of two following techniques. First, chiral selectors can be attached due to a chemical spacer into the surface of the stationary phase or the capillary. This chiral selector has a different affinity with both enantiomers. This selectivity follows the three points Dalgliesh rule: three interaction points between the chiral selector and enantiomer [68], where all functional groups of the chiral selector, asymmetric centres and steric repulsion are involved. Second, chiral selectors can be added to the mobile phase or the background electrolyte, defined as chiral mobile phase additives (CMPA) [69]. In the case of ionic enantiomers, a chiral compound can add to the formation of pairs of ions with enantiomers. Otherwise, a stereospecific compound can add to interact with only one of the enantiomers. Many groups of chiral compounds can be utilized as chiral selectors for the enantioseparation of amino acids or peptides. The main of them are polysaccharides [70] and cyclodextrins. However, in this review, we will also evaluate other chiral compounds as chiral selectors for the enantioseparation by liquid chromatography, supercritical fluid chromatography, gas chromatography and capillary electrophoresis.



The morphology of the chiral compounds used as a chiral selector can form three types of chiral stationary phase: fully-porous particles (FPP), superficially-porous particles (SPP) and non-porous particles (NPP) [71]. For the amino acid enantioseparation, the SPP columns appear to allow faster and more efficient separation than the FPP columns. Some examples will be described in the following section.



3.1.1. Liquid Chromatography


Enantioseparation by liquid chromatography needs a chiral environment. Several builder companies have developed commercial chiral columns. Zhao et al. have reported these columns with their target characteristics according to the type of chiral stationary phases and detailed are included in Table 3 [72].



Here, we will describe different chiral stationary phases, such as polysaccharides, cyclodextrins, crown ethers, Pirkle type, ion-exchange type and macrocyclic glycopeptides, for the chiral separation of amino acids and peptides.



Polysaccharide-Based Chiral Stationary Phases


Chiral stationary phases based on polysaccharides are probably the most used owing to the many different columns for enantioseparations by liquid chromatography. Commercial cellulose- and amylose-based columns are most popular, however synthesized columns based on chitosan, xylan, curdlan, dextran and inulin may also be found [73]. Indeed, Lin et al. have evaluated 17 amylose and cellulose-based columns, both coated and immobilized, for chiral pharmaceutical analysis [74]. Different types of cellulose and amylose-based chiral selectors and their derivatives, the effect of substituents and carrier on properties of polysaccharide-based CSPs, and optimizations of the CSP and the mobile phase for separation of enantiomers by high-performance liquid chromatography (HPLC) have been summarized by Chankvetadze [75].




Cyclodextrin-Based Chiral Stationary Phases


Cyclodextrins are frequently used for the separations of chiral compounds, as chiral stationary phases as well as novel polysaccharides. Many article reviews and book chapters generally describe α-, β-, γ- and modified-cyclodextrins for the separation of enantiomeric compounds by liquid chromatography [76,77]. More recently, Li et al. have described the synthesis of a triazole-bridged duplex CD-CSP and its application for the enatioseparation of Dns-Leu and Dns-Phe by HPLC [78]. Shuang et al. synthesized a new chiral stationary phase based on β-cyclodextrin for the enantioseparation of five derivatized and three underivatized dl-amino acid enantiomers by high-performance liquid chromatography. The results obtained with the new ethylenediamine dicarboxyethyl diacetamido-bridged bis(β-CD)-bonded chiral stationary phase (EBCDP) were compared with those obtained with the native β-CD chiral stationary phase (CDSP). For each Dns-dl-amino acid enantiomer, the EBCDP has offered a better separation than the CDSP. The same trend was observed for the enantioseparation of underivatized dl-amino acids, with the addition of copper ion Cu (II) into the mobile phase, exhibiting a property of the chiral ligand exchange chromatography [79].




Crown Ether-Based Chiral Stationary Phases


Among the various crown ether-based columns, Crownpak CR-I (+) has been used in all recent studies. With this column, the retention time of d-amino acid was shorter than their l-amino acid enantiomers with a primary amino group [80,81]. For the separation of proteinogenic and non-proteinogenic amino acid enantiomers with the same molecular mass, Nakano et al. [82] have separated l-Ile, l-allo-Ile, l- and d-Leu while d-Ile and d-allo-Ile were co-eluted with the Crownpak CR-I (+) column. Using the Crownpak CR-I (−) column, d-Ile, d-allo-Ile and l-Leu were separated while l-Ile and l-allo-Ile were co-eluted (Figure 6) [82]. Meanwhile, Yoshikawa et al. have separated dl-Ile, dl-allo-Ile and dl-Leu with the Crownpak CR-I (+) column. Similar results were obtained for the enantioseparation of dl-Thr, dl-allo-Thr and dl-Hse [80]. Nakano et al. have separated l-Thr, l-allo-Thr and l-Hse while d-Thr, d-allo-Thr and d-Hse were co-eluted with the Crownpak CR-I (+) column. Using the Crownpak CR-I (−) column, d-Thr, d-allo-Thr and d-Hse were separated while l-Thr, l-allo-Thr and l-Hse were co-eluted (Figure 6) [82]. Yoshikawa et al., have separated only dl-Thr with the Crownpak CR-I (+) column, dl-allo-Thr and dl-Hse were not studied [80]. The exchange of columns Crownpak CR-I (+) and CR-I (−) reversed the elution order for each compound. However, for the secondary amino group, such as dl-Pro, the Crownpak CR-I (+) column did not offer separation while the Chiralpak ZWIX (−) column did (Figure 6) [82].



Concerning the enantioseparation of biological and synthesized peptides, the retention times of lxx or lxxx peptides were shorter than dxx or dxxx peptides using the Crownpak CR-I (+) column, whereas the migration order was reversed using the Crownpak CR-I (−) and ChiroSil RCA (+) columns. The chirality of the first amino acid seems to influence the retention time and different interactions and affinity with the column than its enantiomer [34,81]. In addition, the chirality of the second amino acid contained in the peptide sequence also influences the retention time. Indeed, peptides with a l-Phe (xlx) at the second position was more retained than peptide with a d-Phe (xdx). By using this column, the position of d-Phe in the tripeptide (Phe)3 from the amphibian antimicrobial dl-phenylseptin (Table 4) was elucidated [34]. The order of migration also changed according to the percentage of acetonitrile contained in the mobile phase [81]. In those cases, the Crownpak CR-I (+) column offered a better separation for a complex mixture of different peptide enantiomers.



Finally, for the enantioseparation of proteinogenic amino acids, the Crownpak CR-I (+) column with 3 µm particle size offered a better resolution than the same column with 5 µm particle size, especially for amino acids strongly retained. Indeed, for compounds that are poorly retained, such as dl-His, their resolutions were 1.2 and 1.5 with 5 µm and 3 µm particle size columns, respectively, and for dl-Lys which, was strongly retained, their resolutions were 4.1 and 6.1 with the 5 µm and 3 µm particle size columns, respectively. Moreover, the separation time was reduced when the length of the column was shorter [80].




Brush-Type or Pirkle-Type Chiral Stationary Phases


Neutral synthetic chiral low-molecular-mass molecules are typically covalently linked to a silica support, which can have monosubstituted or trisubstituted silane groups through a spacer to create Pirkle-type chiral stationary phases [83,84]. The advantages of this type of column are the compatibility with a wide range of solvents used as mobile phase and stability against temperature and pressure [85]. Brush-type or Pirkle-type chiral stationary phases are classified into three groups: donors of π-electron/acceptor of π-electron (such as Whelk-O 1, Whelk-O 2, DACH-DNB and ULMO columns), acceptors of π-electron (such as Alpha burke 2, Leucine, Phenylglycine, Pirkle 1-J, β-Gem 10), and donors of π-electron (such as Naphtylleucine). Kohout et al. have studied the influence of the nature of Brush-types CSP in combination with a 9-O-tert-butylcarbamoylquinidine as a chiral selector. In that work, three different FPP—Daiso silica (CSP 1, 5 μm, 120 Å), Kromasil silica (CSP 2, 5 μm, 100 Å) and YMC silica (CSP 3, 5 μm, 120 Å)—were used. The averages of resolutions obtained for the enantioseparation of eight different analytes were promising (5.24, 4.21 and 4.79 for CSP 1, CSP 2 and CSP 3, respectively). The study showed the influence of the characteristics (nature, particle diameter and pore size) of the CSP used on the chromatographic performances [86]. Hsiao et al. have separated the dl-Phe enantiomers contained in physiological fluids of mammals, including humans, by 2D-HPLC. The d- and l-Phe was derivatized by 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) and separated by a reverse phase column for the first dimension and a Pirkle-type column with L-Leucine as a chiral selector for the second dimension. The same study showed the presence of 0.1% and 3.99% of d-Phe in the human plasma and urine, respectively. However, the authors planned further studies using this analytical method on various disease samples [87].




Ion- and Zwitterion-Exchange-Based Chiral Stationary Phases


Bäurer et al. have demonstrated the chiral chromatography characteristics of Chiralpak ZWIX (+) and ZWIX (−) columns based on zwitterionic quinine and quinidine carbamate selectors for the enantioseparation of proteinogenic amino acids by tandem liquid chromatography. For this work, molecular dynamics simulations, lipophilicity/hydrophilicity measurements of selectors, pH-dependent ζ-potential determinations and chromatographic characterization were studied for both columns [88]. Geibel et al. have demonstrated the Chiralpak ZWIX column with superficially-porous particles (SPP) allowed a better separation performance than a Chiralpak ZWIX column with fully-porous particles (FPP) [89].



Different anion- and zwitterion-exchange columns such as Chiralpak QN-AX, Chiralpak QD-AX, KSAAAX, Chiralpak ZWIX (+) and Chiralpak ZWIX (−) have been recently used for the enantioseparation of dl-amino acids and peptides, and were applied to biological samples in the discovery of new potential biomarkers for some diseases. Among these columns, Chiralpak QN-AX and Chiralpak ZWIX (+) have been used more, either alone or in tandem. With these two columns, free derivatized d-amino acids or d-amino acid-containing peptides at the first position were less retained on the column than their l-amino acid enantiomers. In contrast, with the Chiralpak QD-AX and Chiralpak ZWIX (−) columns, the migration order was reversed.



Zhu et al. used the Chiralpak QN-AX column for the enantioseparation of 13 Fmoc-dl-amino acids. The chromatographic performances (resolution and separation factor α) were compared to those obtained thanks to new synthesized chiral selectors based on 3,5-dimethylphenyl carbamoylated β-cyclodextrin connecting quinine (QN) or quinidine (QD) to create two chiral stationary phases (β-CD-QN- and β-CD-QD-based CSP). The Chiralpak QN-AX column allowed separation of 11 out of 13 Fmoc-dl-amino acids with a resolution greater than 1.5, including seven Fmoc-dl-amino acids which had the best resolution (Asn, Thr, Ile, Leu, Met, Val and Phe) to compare to these two other experimental columns [90]. Bajtai et al. have applied this column to the enantioseparation of 20 dipeptide couples, but only seven of them obtained a good separation (ll/dd-Ala-Phg, ll/dd-Ala-Phe, ll/dd-Ala-Tyr, ll/dd-Ala-4-NO2-Phe, ll/dd-Ala-Trp, ll/dd-Phe-Ala and ll/dd-Leu-Leu). Nevertheless, 10 dipeptide couples have not been separated (ll/dd-Ala-Ala, ld/dl-Ala-Ala, ll/dd-Ala-β-Phe, ll/dd-Ala-Phe, ll/dd-Ala-hPhe, β-Ala-l/d-Phe, Gly-l/d-Phe, ld/dl-Phe-Ala, ll/dd-Lys-Phe and ld/dl-Leu-Leu) [91] (Table 5).



The Chiralpak ZWIX (+) column has been used by several groups for the enantioseparation of derivatized or underivatized common and uncommon dl-amino acids and dipeptide couples. Indeed, Horak et al. have compared the separation factor α for the enantioseparation of derivatized or underivatized common and uncommon dl-amino acids. This study has shown to the Chiralpak ZWIX (+) column offers a better separation to ACQ-dl-amino acids than underivatized amino acids, except for dl-Pro [92,93]. For this work, the authors do not study the dl-Cys. Nevertheless, Pucciarini et al. have developed a method for the separation of standard ACQ-dl-Cys, with a good resolution (Rs: 2.7). Then, the authors have applied this cysteine analysis method to human lung adenocarcinoma A549 cells (ATCC, CCL-185) samples, and the resolution obtained was similar to cysteine standards. The study allows showing the presence of d-Cys in biological samples [94]. These results are promising because it has been shown that d-Cys protects neurons against oxidative stress thanks to its hydrogen sulfide production properties and promotes dendritic development [95]. For the enantioseparation of underivatized dipeptides, Bajtai et al. have obtained a similar average separation factor α to the enantioseparation of underivatized amino acids in the study by Horak’s group describe earlier. However, for some dipeptide, the authors have obtained good resolutions (β-Ala-l/d-Phe, ll/dd-Ala-Tyr, ll/dd-Ala-4-NO2-Phe, ll/dd-Ala-Trp, l/d-Phe-Gly, ll/dd-Phe-Ala, ld/dl-Phe-Ala, ll/dd-Lys-Phe and ld/dl-Leu-Leu) [91] for details see Table 5.



Kimura et al. used these two Chiralpak QN-AX and Chiralpak ZWIX (+) columns by chiral tandem liquid chromatography. For this study, the authors found the same enantiomer migration order (EMO) with both columns to one of these columns alone, as in the previous works described above. For amino acids with a primary amine, ACQ-d-amino acids were a faster elution than their counterpart ACQ-l-amino acids, except for dl-Pro which is a secondary amine and which has a reverse EMO. The results of resolution and separation factor α of the simultaneous 24 l-amino acids and trace d-amino acids, which includes all proteinogenic amino acids and non-proteinogenic amino acids such as citrulline (Cit) and ornithine (Orn), contained in the human blood were not described. In this study, the blood of 305 women aged 65 to 80 who passed a Mini-Mental State Examination (MMSE), and classified into three groups: control, Mind Cognitive Impairment (MCI) and dementia was analyzed. This high sensitivity analytical method can detect a slight difference in the number of chiral amino acids and be developed to examine cognitive decline based on the difference detected. Indeed, the blood analysis of patients in the MCI group showed a higher proportion of d-Pro than the control group. Furthermore, the combination of d-Pro x d-Ser proportions improved the correlation with early cognitive decline described by MMSE. Finally, d-Pro and d-Ser were also found in the blood of the dementia group with a higher proportion than in the MCI group. These amino acids can also be used to monitor dementia. These results showed that the proportion of d-Pro in the blood was strongly associated with early cognitive decline and may represent a new index of brain health. This tandem method of analysis, in less to 40 min, might apply to practical medical evaluations to monitor the early risk of cognitive decline with high precision [96].



The Chiralpak ZWIX (−) has also been used for the enantioseparation of derivatized or underivatized dl-amino acids and dipeptide couples. For underivatized dl-amino acids, separation factors α obtained were better using the Chiralpak ZWIX (−) when compared to the Chiralpak ZWIX (+) column, except for Trp and Glu [92]. The same group also compared both columns for the enantioseparation of ACQ-dl-amino acids. Conversely, the Chiralpak ZWIX (+) column allowed to obtain better separation factors α than the Chiralpak ZWIX (−), except for Pro, aThr, His and Arg [93]. Bajtai et al. have also used Chiralpak ZWIX (+) to compare both zwitterionic columns for the enantioseparation of 20 dipeptide couples. The separation factors α and the resolutions have shown that the Chiralpak ZWIX (+) column offered a better separation [91] see Table 5.



The Chiralpak QD-AX column has only been used by Bajtai et al. to compare the Chiralpak QN-AX column for enantioseparation of dipeptide couples [91]. The separation factors α and the resolutions have shown that the Chiralpak QD-AX column offered a better separation significantly (Table 5).



To compare these two zwitterion-exchange columns, the average separation factor α was better with the Chiralpak ZWIX (+) column for underivatized and ACQ-dl-amino acids (1.21 and 2.33, respectively) than with the Chiralpak ZWIX (−) column (1.29 and 2.03 respectively). In addition, the Chiralpak ZWIX (+) also offered a better dipeptide enantioseparation with an average resolution of 1.66 compared to 1.20 with the Chiralpak ZWIX (−) column. For these two anion-exchange columns, the Chiralpak QD-AX column offered a better separation of dipeptide enantiomers with a resolution average of 2.12 compared to 1.05 with the Chiralpak QN-AX column. Regarding the Fmoc-dl-amino acids enantioseparation, only the Chiralpak QD-AX column was used and offered an excellent resolution average of 2.94. Both Chiralpak ZWIX (+) and Chiralpak QD-AX columns are to be preferred for the derivatized and underivatized amino acids and small peptides enantioseparation.



Concerning the anion-exchange column KSAAAX, Furusho et al. have separated four NBD-dl-amino acids contained in the plasma of 25 patients with chronic kidney disease (CKD) using a 3D-HPLC system. Several studies agree on the potential correlation between kidney disease and the presence of d-amino acids [97]. The 3D-HPLC system equipped with one KSAAAX column in combination with a reversed-phase and enantioselective columns allows separation of all compounds according to their hydrophobicity, anionic strength and enantioselectivity, which increases the separation efficiency. For this study, dl-Ala, dl-Asn, dl-Ser and dl-Pro were selected because their d-forms are candidates for the biomarkers of CKD. This method shows the presence of 0.4–4.8% for d-Asn, 1.5–16.6% for d-Ser, 0.3−11.6% for d-Ala and 0.3−7.1% for d-Pro, and the correlation between the %D values and the eGFR values were observed. The eGFR (estimated Glomerular Filtration Rate) is the best test to measure the level of kidney function and determine the stage of kidney disease. Indeed, these results showed that the more advanced the stage of the disease, the higher the percentage of amino acids in their d-forms. The new 3D-HPLC system has proved to show high selectivity for the chiral analysis of amino acids contained in complex biological matrices as a biomarker for the determination of the disease at different stages [98].




Macrocycle Antibiotic-Based Chiral Stationary Phases


The complex structure of macrocyclic antibiotics allows for different types of analyte interaction, such as hydrophobic, π–π, dipole-dipole, hydrogen bond, electrostatic, ionic and Van der Waals interactions, due to the high number of stereogenic centres in their structures. Macrocyclic antibiotic-based chiral stationary phases are classed into four groups: ansamycins, polypeptides, glycopeptides and aminoglycosides [84,99]. Recently, a new type of macrocycle antibiotic-based chiral stationary phase was described. Indeed, for this work, two new CSPs, named UHPC-FPP-Titan-Tzwitt and UHPC-SPP-Halo-Tzwitt, were prepared by covalently bonding the glycopeptide teicoplanin chiral selector on zwitterionic columns with different particle diameters (fully- and superficially-porous particles), for the enantioseparation of 31 proteinogenic and non-proteinogenic Fmoc-dl-amino acids by liquid chromatography. The performance in terms of separation obtained by both zwitterionic-teicoplanin columns was compared to those obtained from a commercial teicoplanin-based column (Teicoshell) (Table 6). For 26 pairs, the UHPC-SPP-Halo-Tzwitt column offered higher resolutions of separation ranging from Rs (dl-Asn-(Ttr)): 1.15 to Rs (dl-Lys-(Boc)): 10.90. Complementarily, the UHPC-FPP-Titan-Tzwitt column offered the best enantioresolution for Gln and His. Only Cys and Trp-(Boc) enantiomers were better separated with the traditional Teicoshell column. However, dl-Pro and dl-Asp were not separated by any of the three columns. These results prove the influence of the zwitterionic column in combination with a teicoplanin chiral stationary phase. Indeed, both UHPC-FPP-Titan-Tzwitt and UHPC-SPP-Halo-Tzwitt columns offered significantly better resolutions than a commercial teicoplanin-based column. The particle diameters also seem to influence the enantioseparation. Indeed, the morphology differences of fully- and superficially-porous particles (FPP and SPP, respectively) affect the enantioselectivity and the resolution, in favour of the SPP column [100].





3.1.2. Supercritical Fluid Chromatography


One- and two-dimensional supercritical fluid chromatography (SFC) are new techniques developed which may be applied in chiral separation [101,102]. In this part, we will consider the polysaccharide- and crown ether-based chiral stationary phases recently used for the chiral separation of amino acids.



Polysaccharide-Based Chiral Stationary Phases


Recently, Jakubec et al. used nine different chiral columns based on celluloses and amyloses covalently immobilized (Chiralpak IB-3, YMC CHIRAL ART Cellulose SB, Chiralpak IA-3 and YMC CHIRAL ART Amylose SA) or coated (Trefoil CEL-1, Chiralpak OD-3, Lux-CEL1, AMY-1 and Chiralpak AD-3) to study their enantioseparation efficiency under different separation conditions by supercritical fluid chromatography. The best performing column was a Chiralpak OD-3 with methanol + 0.1% trifluoroacetic acid and 0.1% diethylamine combined additive separation conditions. The combination of alcohol and alkylamine as a co-solvent and a mobile-phase additive seemed beneficial for enantioseparation [103]. Indeed, Lipka et al. optimized their concentration (20–40% ethanol + 0.3–3.0% trimethylamine) according to the amino acid enantiomers to be separated using an immobilized cellulose-based CSP (i-Cellulose-5). This column allowed separating some enantiomers of underivatized common and uncommon amino acids (dl-Leu, dl-Ile, dl-Nle, dl-Phe, dl-Ala, dl-Val, dl-Nva, dl-Ser, dl-Car and dl-His) with resolutions ranging from 1.51 (dl-Ser) to 2.24 (dl-Val). This study is promising for pure enantiomers. However, separation conditions could be improved for the separation of a complex amino acid mixture [104].




Crown Ether-Based Chiral Stationary Phases


Miller et al. have developed a method for the separation of dl-amino acids enantiomers with a Crownpak CR-I (+) column by supercritical fluid chromatography coupled to mass spectrometry. After optimization of the nature of the mobile phase, this column offered a resolution ranking from Rs (His): 1.99 to Rs (Leu): 9.26 and a short retention times of less than three minutes. With these conditions, all d-amino acid eluted faster to its l-amino acid enantiomer. This method of analysis makes it possible to quickly separate the pure standards of dl-amino acids. However, it can be improved to separate a complex mixture of all of them [105].





3.1.3. Gas Chromatography


Gas chromatography is the most-established separation technique for the enantioseparation of amino acid enantiomers. Nevertheless, Schurig et al. reported some chiral stationary phases for the enantioseparation of derivatized α-amino acids [106]. Recently, only the cyclofructan-based chiral stationary phases was used for the separation of amino acid enantiomers.



Cyclofructan-Based Chiral Stationary Phases


Xie et al. have summarised the progress on cyclofructan derivatives-based chiral stationary phases for enantioseparation by gas chromatography. Five chiral stationary phases were used for the enantioseparation of dl-amino acids. Two of them—4,6-Di-O-pentyl-3-O-trifluoroacetyl cycloinulohexaose-based CSP (CF-CSP4) and 4,6-di-O-pentyl-3-O-propionyl cycloinulohexaose-based CSP (CF-CSP5)—were very promising and allowed resolutions ranging from 1.5 to 2.6 for four commons and three uncommon dl-amino acids (Ala, Ile, Leu, Val, allo-Ile, Nle and Nva) to be obtained [107].





3.1.4. Capillary Electrophoresis


During 2017 and 2018, Yu et al. summarized several types of chiral selector used for the enantioseparation by capillary electrophoresis. In CE, the chiral selector is added to the buffer solution as a pseudophase, in the same way as the mobile phase in LC. Chiral separation is made possible through non-covalent interactions between the chiral selector and the enantiomers, such as dipole–dipole, hydrogen bond, electrostatic and steric interactions. These chiral selectors can be classed into two categories: low and high molecular mass molecules. Low molecular mass molecules contain ionic liquids and complexes with a central ion. High molecular mass molecules contain the macromolecules such as oligosaccharides (cyclodextrins, polysaccharides), amino acids and nucleic acid-based polymers, and supramolecules such as bile salt micelles. In capillary electrophoresis, chiral selectors can also use as a dual ligand. Dual ligands were created in a combination of immobilized ligands on the surface of the capillary, as a coating, and the addition of free ligands in the buffer solution. In this part, we will further discuss as a chiral selector, two high molecular mass molecules (cyclodextrins and crown ethers) and one low molecular mass molecule (ligand exchange) used recently [108].



Cyclodextrin as a Chiral Selector


Native α, β, γ-cyclodextrins are made up of six, seven and eight glucose units, respectively, and their derivatives can be used as a chiral selector. The hydrophobic cavity dimensions depend on the nature of the cyclodextrin and can form non-covalent interactions with the chiral analytes [109]. These three standard cyclodextrins and their neutrally (mono-, di- and trimethylated and hydroxypropylated) and negatively (sulphated, sulfobutyletherated, succinylated, carboxymethylated, heptakis(6-O-sulfo), hexakis-, heptakis-, octakis(2,3-di-O-methyl-6-O-sulfo) and heptakis(2,3-di-O-acetyl-6-O-sulfo) modifications) charged cyclodextrin derivatives were used for the chiral separation of six ll- and dd-dipeptide enantiomers. The type of cyclodextrin concerning cavity size and degree of substitution influenced the enantiomer migration order (EMO). In addition, the composition of the background electrolyte (BGE) as nature and pH influenced the analysis time. In acidic separation conditions the analysis time was shorter, and the resolution was worsened. In these two studies, neutrally and negatively β-CDs were shown to be more effective chiral selectors than the α- and γ-CD derivatives for the enantioseparation of Ala-Phe and the peptide analogues [110,111]. The γ-CD was also used in combination with an ionic liquid (l-Carnitine methyl ester bis(trifluoromethane)sulfonimide, l-CarC1NTf2) as a chiral selector for the enantioseparation of Fmoc-dl-Hcy and Fmoc-dl-Cys. Enantiomeric resolutions obtained for the separation of these pure enantiomers were 6.1 and 6.4, respectively. For the simultaneous separation of these four amino acids derivatized, this method allowed a resolution as high as 4.1 to be obtained for Rs (Hcy): 5.9 and Rs (Cys). This study has not yet been applied to mixtures of biological or more complex compounds [112].



Microchip electrophoresis (MCE) mode can also be used for the enantioseparation of dl-amino acids. Recently, Zhang et al. have used a chiral nematic mesoporous silica (CNMS) as the chiral stationary phase in combination with hydroxypropyl-β-cyclodextrin (HP-β-CD) as the chiral selector for the separation of 10 dl-amino acid pairs. This combination allowed the enantioresolution to be improved to a resolution average of 1.13, while with the use of only HP-β-CD, the resolution average for these 10 dl-amino acid enantiomers was 0.68 [113].




Crown Ether as a Chiral Selector


The most commonly used crown ethers are [18] crown-6 and its derivatives. Their cavity structure limits chiral separation to primary amines, including amino acids. However, the separation must be performed under pure acidic conditions so that these amines are fully protonated and other cationic species present in the BGE do not interact with the crown ether [109].



Lee et al. have developed a method for the enantioseparation of underivatized free amino acids using (+)- and (−)-18C6H4 as a chiral selector [114]. This method allows separating all dl-amino acids, except dl-Pro and dl-Asn, with a resolution ranking from Rs(Cys): 0.5 to Rs(Ser): 21.0. Concerning the migration order for amino acids, the l-amino acids migrated faster than their analog d-amino acid counterparts except for Ser, Thr and Met. This method shows promise for the separation of amino acid enantiomers. However, some improvements can be made for the resolution of separation of dl-Cys (Rs: 0.5), dl-Ala (Rs: 0.7) and dl-Glu (Rs: 0.8).




Ligand Exchange as a Chiral Selector


Chiral ligand exchange capillary electrochromatography (CLE-CEC) using a central ion has been recently used for enantioseparation of derivatized or underivatized dl-amino acids. First, Zn (II) was used as a central ion for the enantioseparation of Dns-dl-amino acid enantiomers. For this amino acid separation, the authors have used four chiral dl-oligopeptides based on lysine residues as ligands to form [((Gly)-Lysx) Zn (II)(AA)] complexes. The migration order of Dns-dl-amino acid analytes has been influenced by the nature of the chiral ligand employed. Indeed, when the Gly-d-Lys ligand was used, the Dns-l-amino acid had a faster retention time than the Dns-d-amino acid analyte. Chiral dipeptide ligands, Gly-l-Lys and Gly-d-Lys, allow for a better separation of Dns-dl-amino acid enantiomers with a resolution greater than 2, than other ligands ((l-Lys)2-OH) and ((l-Lys)4-OH) with a resolution below 1. This new method shows the great potential of dipeptides as ligands in the CLE-CEC separation of dl-amino acid enantiomers and can be developed for the separation of complex biological samples [115]. In another study, Feng et al. used different synthetic copolymer dual ligands as chiral ligands to form [(P(MAn-St-MAX) Zn (II)(AA)] complexes. The use of the free chiral ligands and immobilized ligands alone do not allow for separation of the dl-amino acids enantiomers, while the dual ligands have offered a good separation (Figure 7). With the dual ligand system, resolutions ranged from 1.67 to 3.45 for Ala, Gln, Ile, Tyr, Asn, Met and Ser. For other amino acids, including Asp, Trp, Leu, Phe and Thr, their resolutions were lower and are ranked from 0.55 to 1.19. dl-Pro and dl-Val were not separated. Among the four synthesized copolymer dual chiral ligands, the best results were obtained with the poly maleic anhydride-co-styrene-co-N-methacryloyl-l-histidine methyl ester [P(MAn-St-MAH)] [116].



Cu (II) was also used as a central ion in complexation with l-His to create the [Cu (II)-l-His] complex with β-cyclodextrin (β-CD) as a dual chiral selector for the enantioseparation of dl-Trp, dl-Tyr and dl-Phe by capillary electrophoresis. For this study, several concentrations of Cu (II), l-His and β-CD were tested at different pH and voltages. Each pair of enantiomers was separated in 20 minutes with a resolution ranging from 3.6 to 6.1. For dl-Phe and dl-Trp, the EMO was similar to the l-enantiomer and eluted faster than its counterpart. Both peaks from the separation of d- and l-Tyr were not identified [117].




Micellar Electrokinetic Chromatography (MEKC)


Micellar electrokinetic chromatography is another capillary electrophoresis mode using a high concentration of micelles. Recently, Evans et al. have analyzed 36 primary amines including d- and l-amino acids derivatized with 2,3-naphthalenedicarboxaldehyde and separated by MEKC using sodium dodecyl sulfate and sodium deoxycholate as surfactants. Then, the authors applied this method for the enantioseparation of dl-Ser at low nanomolar concentrations containing in the endocrine portion of the pancreas, the islets of Langerhans. In the study, the successful separation of d-Ser to its counterpart has an important interest due to its agonist activity for the ionotropic N-methyl-d-aspartate receptors [118].





3.1.5. Comparison of Different Techniques


Among chromatographic and electrophoresis techniques previously described, the most efficient of them, in terms of chiral separation performances (resolution and separation factor), were summarized in Table 7. The crown ether used as chiral stationary phase or added to BGE was preferably used for the enantioseparation of complex mixtures of amino acids. Furthermore, in liquid chromatography, zwitterionic-exchange- and macrocycle antibiotic-based chiral stationary phase also offered an excellent separation for a similar complex mixture of dl-amino acids. Although gas chromatography is rarely used for the chiral separation of amino acids, the cyclofructan-based chiral stationary phase (CF-CSP5) provided sufficient separation performance.



Regarding the enantioseparation of small peptides, the crown-ether (Table 4) ion-exchange and zwitterionic (Table 5) chiral stationary phases were used in liquid chromatography. The results proved that the Crownpak CR-I (+) column offered a better average resolution (Rs: 5.12).





3.2. Indirect Method


The indirect method consists of using the derivatization reaction on racemic compounds with a pure chiral reagent, thus resulting in the formation of a pair of diastereomers which can be separated by a chiral or achiral column. The derivatization reaction must be at room temperature to avoid racemization. This method is usually used to facilitate the isolation of the analyte from the biological matrix. In this review, we will summarize the derivatization reagents used recently for the enantioseparation of amino acids and newly synthesized derivatization reagents. Among derivatization reagents that have been used recently, most of them react with the N-terminus of amino acids, and they were commercial ((+)- or (−)-1-(9-fluorenyl)ethyl chloroformate) ((+)- or (−)-FLEC) and N-(4-Nitrophenoxycarbonyl)-l-phenylalanine 2-methoxyethyl ester (S-NIFE)) or synthetic ((R)- or (S)-4-nitrophenyl-N-[2-(diethylamino)-6,6-dimethyl-[1,1-biphenyl]-2-yl] carbamate hydrochloride ((R)- or (S)-BiAC) and N-[1-oxo-5-(triphenylphosphonium) pentyl]-(R)-1,3-thiazolidinyl-4-N-hydroxysuccinimide ester bromide salt (OTPTHE)).



The more popular commercial derivatization reagents were the (+)- and (−)-FLEC. Indeed, Moldovan et al. used these reagents in their both undifferentiated forms as chiral derivatization reagents for the enantioseparation of 19 amino acid pair of diastereomers by RP-HPLC coupled to mass spectrometry with diphenyl and biphenyl stationary phases [119]. The average resolution for each amino acid pairs was 2.9 and 2.3 for the diphenyl and biphenyl stationary phases respectively, under optimal separation conditions. Indeed, with diphenyl stationary phase, 14 of 19 amino acid pair of enantiomers (except Ala, Ser, Pro, Thr and Asp) obtained a good resolution (Rs > 1.5) at pH 4.9, and 13 of 19 amino acid pair of diatereoisomers (except Ala, Ser, Pro, Thr, Asp and Glu) at pH 4.2. Both columns allow dl-amino acids to be separated with the same elution order with d-derivative first respectively at pH 4.9 and 4.2. However, the authors observed a reversal in the elution order with l-form eluted first at pH 2.5 and 7. These two methods allow separating pure FLEC-dl-amino acid enantiomers in less than 30 minutes. This short time does not allow separating a complex mixture of amino acids, because the retention times are very near. Furthermore, (+)-FLEC was used by Pérez-Míguez et al. where a TIMS-TOFMS method was developed for the analysis of 21 common and uncommon (+)-FLEC-dl-amino acid enantiomers [120]. With this new method, 17 were separated separately at different voltage ramps. Then, the enantioseparation of several (+)-FLEC-dl-amino acids in one run was tested. For this work, three groups of four (+)-FLEC-dl-amino acids were used with one voltage ramp applied per group. The first group consisted of Orn, Lys, His and Tyr with voltage ramps ranging from 135 to 170 V; Asn, Ser, Pipe and Gln at 100–130V for the second group; and Met, Phe, SeMet and Arg at 109-135 V for the last group. For each group, some amino acids have co-migrated. Their distinction was possible thanks to their respective m/z (Figure 8). This method allowed Ser and Asp separation with a better resolution than the previous study.



The commercial S-NIFE derivatized reagent, as far as it is concerned, was used by Danielsen et al. which have developed a method for the determination of l- and d-amino acid ratios contained in complex protein matrices using LC-MS/MS analysis. Protein and standard amino acids were hydrolyzed by DCl following two methods: in glass capillaries and vacuum hydrolysis tubes. In this case, deuterated hydrolysis has been used to eliminate the l- and d-amino acid racemization ratio due to the natural conversion. These two hydrolysis methods allow determining the rate of 0.30% and 0.25% d-amino acids, respectively, contained in α-lactalbumin protein. Their exact positions on the protein sequence were not determined [66].



Other derivatization reagents can be synthesized to react with the N-terminus of amino acids. Historically, the axially chiral hydrophobic derivatizing reagent was developed for the analysis of amine and alcohol diastereoisomers by normal-phase liquid chromatography [121,122]. However, for the axial derivatization for hydrophilic compounds, such as amino acids, a new derivatization reagent was necessary to be developed. Recently, Harada et al. have developed biaryl axially derivatives, (R)-4-nitrophenyl N-[2’-(diethylamino)-6,6’-dimethyl-[1,1’-biphenyl]-2-yl] carbamate hydrochloride ((R)-BiAC), as a new axially chiral derivatizing reagent for the enantioseparation of proteinogenic amino acids by RP-HPLC-MS/MS. This new chiral derivatizing reagent allowed all dl-amino acids to be separated within 11.5 minutes with a resolution greater than 1.9, except for complex mixtures, such as threonine mixture (dl-Thr and dl-allo-Thr), and leucine-isoleucine mixture (dl-Leu, dl-Ile and dl-allo-Ile) [123]. The same authors applied this new derivatizing reagent ((R)-BiAC) on dl-amino acids in human urine for their simultaneous determination by liquid chromatography electrospray ionization tandem mass spectrometry. After optimization of separation conditions, 36 dl-amino acids and glycine were separated in 20 minutes with good resolution. These results were verified using the opposite chiral derivatizing reagent (S)-BiAC. Using (S)-BiAC causes the inversion of the migration order of d- and l-amino acids. The concentration of each amino acid was determined by LC-MS. The (S)-BiAC/(R)-BiAC ratio of amino acid concentration was higher (>84%), except for d-allo-Ile (67%) and for d-Asp, d-Pro, d-Trp and l-Asp whose peaks were below the limit of quantification (LOQ) with both chiral derivatizing reagents. This method is promising for simultaneous analysis of dl-amino acids in biological samples (Figure 9). In this case, the quantification of d-amino acids in human urine can be used as a biomarker to screen for chronic kidney disease [124].



Another group has synthesized a new derivatization reagent N-[1-oxo-5-(triphenylphosphonium) pentyl] -(R)-1,3-thiazolidinyl-4-N-hydroxysuccinimide ester bromide salt (OTPTHE) for the enantioseparation of dl-Ser from human plasma by liquid chromatography coupled to mass spectrometry. This reagent first was tested for the separation of 13 dl-amino acids in 22 min, with the resolution from Rs (Thr): 1.62 to Rs (Pro): 2.51. This derivatization method was applied to analyzed dl-Ser from the plasma of 10 healthy volunteers with a similar resolution. The authors do not show the results for the other amino acids contained in the human plasma [125].



Derivatization mainly takes place on the terminal amine of the amino acid, which makes it possible to study all amino acids simultaneously. However, it is possible to derivatize the amino acid with another functional group to allow for more selective analysis. Thiols naturally occur in their reduced or oxidized forms. The tripeptide, glutathione, is found in both of these forms and is primarily studied as a biomarker for the assessment of oxidative stress. Russo et al. compared two cell-permeable commercial derivatizing agents—N-ethyl maleimide (NEM) and (R)-(+)-N-(1-phenylethyl) maleimide (NPEM)—for derivatization of biological thiols using a biphenyl reversed-phase liquid chromatography–high-resolution mass spectrometry (LCHRMS). Four biological thiols were used for the evaluation: cysteine (Cys), homocysteine (Hcy), N-acetylcysteine (NAC) and glutathione (GSH). The derivatization efficiency of Cys and their derivatives by NEM and NPEM was 97% and 100%, respectively. NPEM also allowed for the enhancement of ESI ionization. However, it was more prone to experience side reactions, such as derivatization of amines and opening of the cycle, and it is more sensible to pH variation, compared to NEM. For cell-permeable thiol-protecting reagent used on mild derivatizing conditions to minimize the impact on the cellular structure and avoid artificial changes in metabolite concentrations, NEM seems to be better than NPEM [126].





4. Concluding Remarks and Prospects


Homochirality is omnipresent in proteins as much by the d- and l-amino acid enantiomers as by the d- and l-oligosaccharide enantiomers as post-translational modifications. The natural conversion of l/d-amino acids in proteins takes place in a nonuniform manner. Thus, it is necessary to examine the chirality of each amino acid in the proteinogenic sequence. For this determination, sequence-dependent and sequence-independent strategies are possible. The sequence-dependent strategy can be applied with two different methods. First, the protein is digested by an enzyme and each peptide obtained was identified on the protein sequence by mass spectrometry analysis. Then, these peptides were hydrolyzed on amino acid and then react with a standard protected amino acid, such as Boc-l-Cys or Boc-l-Leu as an example. This method allows the ll- and dl-dipeptides formed, which have different retention times, to be distinguished. The second consists of digesting the protein by a specific enzyme. Various enzymes are enantioselective such as: endoproteinase Asn-N, l-isoaspartyl methyltransferase, d-aspartyl endoproteinase and glutamyl endoproteinase Glu-C, which recognise only l-α-Asp, l-β-Asp, d-α-Asp and l-Glu, respectively. The sequence-independent strategy, as far as it is concerned, consists of hydrolyzing the protein under acidic conditions. The use of deuterated or tritiated hydrochloric acid in heavy water exchanges the hydrogen on the alpha carbon on free amino acid with a deuterium or tritium atom and limits the natural racemization. Although liquid chromatography is widely used for the determination of d-amino acids, other separation techniques are also used. Some chromatographic and electrophoretic techniques using commercial or synthetic chiral stationary phases can be used for the enantioseparation of free amino acids and peptides. Among these chiral stationary phases, the most recently used was based on polysaccharides, cyclodextrins, crown-ethers, Brush-types, ion- and zwitterion-exchange, macrocycle antibiotics, cyclofructans and ligand exchange. The comparative study of these different chiral stationary phases showed, in terms of separation performance, that the Crownpak CR-I (+) column offered the best separation of dl-amino acid and small peptide enantiomers. Another enantioseparation technique is based on a derivatization reaction with a pure chiral compound on the free amino acids. Although the majority of commercial ((+)- or (−)-FLEC and S-NIFE) or synthetic ((R)- or (S)-BiAC and OTPTHE) derivatization reagents reaction on the N-terminus of amino acids, some chiral reagents were developed to react with another amino acid functional group for more selective analysis, like NEM and NPEM reagents on cysteine thiol functions. For future work, given the many possibilities, new chiral stationary phases and derivatization reagents can be developed and applied to different proteins with important biological functions. This will make it possible to discover other d-amino acids and their position on the proteinogenic sequence and their occurrence on human health and disease.
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Figure 1. Possible reaction pathways for spontaneous isomerization of Asp and deamidation of Asn residues in protein. Reproduced with permission from the authors of [60]. 
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Figure 2. Flow charts for the determination of d-amino acid residues in peptides and proteins using (a) sequence-dependent and (b) sequence-independent analytical methods. Reproduced with permission from the authors of [14]. 
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Figure 3. Amino acid racemization during protein hydrolysis under HCl/H2O and DCl/D2O conditions. 
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Figure 4. DAACP discovery funnel is capable of identifying DAACPs in three stages, as illustrated with GdFFD. In stage 1, MS-based detection of APM digestion is capable of identifying potential DAACPs in the screening phase of the discovery funnel. Here, GFFD, used as an example, is rapidly degraded after 5 h, whereas its DAACP counterpart, GdFFD, is not degraded after 24 h. Both are shown as a ratio to NdWF amide, a peptide that is known to resist degradation by APM. In stage 2, chiral analysis utilizes the MRM mode of MS to detect l- and d-amino acids in a peptide following acid hydrolysis and labeling. First, microwave-assisted vapor phase hydrolysis is carried out in DCl to break down peptides into their component amino acids. Importantly, DCl-based acid hydrolysis reduces detection of racemized residues in peptides. The amino acids are then labeled with Marfey’s reagent, separated and detected using a triple quadrupole mass spectrometer. The result of this step is outlined using GdFFD, where a d-Phe is detected. In stage 3, confirmation of DAACPs, peptides are synthesized with the suspected chirality at each position and then compared to the endogenous peptides. Here, the retention time of the endogenous peptide matches that of the GdFFD synthetic standard, confirming its presence as a DAACP. Reproduced with permission from the authors of [31]. 
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Figure 5. LC−MS/MS characterization of GdYFD, which is confirmed by comparing to the retention time of standards. (A) Left, LC−MS (base peak chromatogram) trace of endogenous GYFD after 48 h of APM digestion, with a retention time of 15.9 min. Right, the MS/MS fragmentation with fragment assignments is shown. (B) Left, an LC−MS trace of the all-l-amino acid synthetic GYFD, with a retention time of 14.5 min. Right, the MS/MS fragmentation with fragment assignments. (C) Left, an LC−MS trace of the synthetic DAACP GdYFD, with a retention time of 15.9 min. Right, MS/MS fragmentation with fragment assignments is shown. The matching retention time of the synthetic GdYFD standard with the endogenous GYFD demonstrates that the sequence for the endogenous peptide is in fact GdYFD. Reproduced with permission from [31]. 
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Figure 6. The chromatograms obtained by Crownpak CR-I (+), CR-I (−) and Chiralpak ZWIX (−). (A) Partial chromatograms of targeted compounds with the same molecular weight obtained by LC-MS/MS analysis using Crownpak CR-I (+). These chromatograms were obtained from a 1 nmol/mL mix standard solution (Thr, threonine; Ile, isoleucine; and Leu, leucine). The same color peaks were detected in the same MRM transition. Most compounds showed baseline separation while some compounds including d-allo-Thr, d-Thr, and d-homoserine or d-Ile and d-allo-Ile co-eluted. (B) Extracted ion chromatograms using Crownpak CR-I (−). The chromatogram for the MRM transition of m/z 120.1 to 74.0 (molecular weight: 119.1) and 132.1 to 86.2 (molecular weight: 131.2). The CR-I (−) column reversed the elution order for each compound from the CR-I (+) column. (C) A part of chromatogram of secondary amines by using Chiralpak ZWIX (−). The ZWIX column, with zwitterionic molecules that incorporated both anion and cation-exchange functional groups, enabled the separation of secondary amines including proline (Pro). Adapted from the work in [82] with permission. 
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Figure 7. Illustration of enantioseparation mechanism of CLE-CEC by using (a) free ligand alone, (b) immobilized ligand alone and (c) dual ligands. Reproduced with permission from the authors of [116]. 
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Figure 8. TIMS-TOFMS of FLEC-AA mixtures using a voltage ramp of (A) 109–135 V and (B) 135–170 V in 510 ms. Reproduced with permission from the authors of [120]. 
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Figure 9. Chromatograms of d- and l-amino acids and glycine in human urine sample. Reproduced with permission from the authors of [124]. 
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Table 1. Position of d-amino acids in protein/peptide sequences.
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	d-amino Acids
	Proteins/Peptides
	Length of Amino Acid Sequence
	Position on the Sequence
	Ref.





	d-Asp
	Phosphophoryn
	1129
	undetermined
	[25]



	d-Asp
	Elastin
	786
	undetermined
	[26,27]



	d-Ala
	Ovalbumin
	385
	undetermined
	[28]



	d-Asp
	Ovalbumin
	385
	undetermined
	[28]



	d-Glu
	Ovalbumin
	385
	undetermined
	[28]



	d-Pro
	Ovalbumin
	385
	undetermined
	[28]



	d-Ser
	Ovalbumin
	385
	undetermined
	[28]



	d-Asp
	Myelin
	304
	145
	[29]



	d-isoAsp
	Myelin
	304
	34, 145
	[29]



	d-Asp, d-isoAsp
	βB1-crystallin
	252
	211
	[23]



	d-Asp
	IgGK light chain
	214
	151, 170
	[15]



	d-Asp
	βB2-crystallin
	205
	4
	[12]



	d-Asp
	αB-crystallin
	175
	36, 62, 140, 143
	[11,30]



	d-Ser
	αB-crystallin
	175
	59, 66
	[23]



	d-Asn
	αB-crystallin
	173
	undetermined
	[21]



	d-Asp
	αB-crystallin
	173
	58, 84, 151
	[20,23]



	d-Glu, d-isoGlu
	αB-crystallin
	173
	83
	[23]



	d-isoAsp
	αB-crystallin
	173
	84
	[23]



	d-Ser
	αB-crystallin
	173
	59, 62
	[22]



	d-Thr
	αB-crystallin
	173
	undetermined
	[21]



	d-Tyr
	Achatin-like neuropeptide
	158
	56, 86
	[31]



	d-Asp
	Histone H2B
	126
	25
	[32]



	d-Asp
	Osteocalcin
	100
	undetermined
	[33]



	d-Phe
	Phenylseptin
	67
	50
	[34]



	d-Trp
	ω-agatoxin IV
	48
	46
	[17]



	d-Asp
	β-amyloid
	42
	1, 7, 23
	[35]



	d-Ser
	β-amyloid
	42
	8, 26
	[36]



	d-Asp
	IgG H5
	27
	24
	[37]



	d-Asp
	IgG L2
	24
	12
	[37]



	d-allo-Ile
	Brombinin H4
	21
	2
	[38]



	d-Phe
	Gramicidin S
	10
	cyclopeptide
	[39]



	d-Asp
	mAb heavy chain CDR2 peptide (51–59)
	9
	4
	[40]



	d-Phe
	Hyperglycemic hormone
	8
	3
	[41]



	d-Trp
	Contryphan
	8
	4
	[42]



	d-Ala
	Dermorphin
	7
	2
	[18]



	d-Ala
	Deltorphine
	7
	2
	[43]



	d-Met
	Dermenkephalin
	7
	2
	[44]



	d-Asp
	Type 1 collagen C-terminal telopeptide (1209–1214)
	6
	3
	[45]



	d-Asn
	Fulicin peptide
	5
	2
	[46]



	d-Phe
	Achatin I peptide
	4
	2
	[47]
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Table 2. List of various d-amino acids in higher organisms, their location and associated roles. Reproduced with permission from the authors of [49].






Table 2. List of various d-amino acids in higher organisms, their location and associated roles. Reproduced with permission from the authors of [49].












	d-Amino Acids
	Proteins/Peptides/Free AA
	Source
	Associated Disease/Function
	Ref.





	d-Asp
	Elastin
	Aorta and skin (H)
	Arteriosclerosis
	[26,27]



	
	Myelin
	Brain (H)
	
	[50]



	
	β-amyloid
	Brain (H)
	Alzheimer’s disease
	[51]



	
	Free AA
	Brain (H, R, C) Testis, adrenal and pineal glands (R)
	Neuromodulatory effect

Inhibit secretion of melatonin Increase testosterone production
	[52,53,54]



	d-Asp, d-Asn, d-Ser and d-Thr
	α-crystallin
	Lens (H)
	Cataract
	[21]



	d-Ala
	Dermorphin Deltorphine
	Skin (F)
	1000 times more analgesia than morphine due to presence of d-Ala
	[18,43]



	d-Met
	Dermenkephalin
	Skin (F)
	Analgesia
	[44]



	d-Phe
	Achatin I
	Ganglia and atrium (S)
	Enhances cardiac activity Excitatory action on muscles
	[47]



	
	Hyperglycemic hormone
	Sinus gland (L)
	Increase glucose concentration in response to stress
	[41,55]



	
	Phenylseptin
	Skin (F)
	Antimicrobial activity
	[34]



	d-allo-Ile
	Brombinin H4
	Skin (F)
	Antimicrobial and antiparasitic activity
	[38]



	d-Asn
	Fulicin peptide
	Ganglia (S)
	Enhance concentration of penis retractor muscle
	[46]



	d-Trp
	Contryphan
	Venom (CS)
	Paralysis of fish prey by snails
	[42]



	
	ω-agatoxin
	Venom (SP)
	Calcium channel blocker
	[17]



	
	Free AA
	Brain (M)
	N-methyl d-aspartate (NMDA)/glycine receptor agonist
	[52]







Notes: H: Human; R: Rat; C: Chicken; F: Frog; S: Snail; L: Lobster; CS: Cone Snail; SP: Spider; M: Mammals.
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Table 3. Target characteristics and commercial columns corresponding to chiral stationary phases (CSPs). Reproduced with permission from the authors of [72].
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	Types of CSPs
	Basic Material
	Target Characteristics
	Commercial Column





	Polysaccharides
	Amylose or cellulose
	Widely applicable, such as compounds containing amide groups, aromatic ring substituents, carbonyl nitro, sulfonyl, cyano, hydroxyl, amino and other groups, and amino derivatives
	Chiralcel®OD, Chiralpak®IB, Lux®Amylose-1, Lux®i-Amylose-1



	Cyclodextrins
	β-cyclodextin
	Widely applicable, such as hydrocarbon compounds, sterols, phenol esters and their derivatives, aromatic amines, polyheterocycles
	B-DEXTM225, Astec Cyclobond®, I 2000 RSP, LiChroCART®250-4, ChiraDex®



	Proteins
	Enzymes, plasma proteins, receptor proteins
	Water-soluble medicine
	Chiralpak®HAS, Resolvosil®BSA, Chiralpak®AGT



	Crown ethers
	Macrocyclic polyester
	Amino acids, amino alcohools, primary amines
	Crownpak®CR (+)/CR (−), Chirosil®RCA (+)/RAC (−)



	Pirkle type
	Amine, amino alcohol, amino acid derivative compounds, anthrone derivatives
	Widely applicable, CSPs designed by analyzing the target
	Whelk-O1®, ULMO®, Chirex®



	Ion exchange type
	Cinchona alkaloids, sulfamic acid
	N-protected amino acid, N-protected amino group, sulfamic acid, amino phosphoric acid, aromatic carbonyl acid
	Chiralpak®QN-AX, Chiralpak®QD-AX, Chiralpak®ZWIX (+), Chiralpak®ZWIX (−)



	Macrocyclic glygopeptides
	Avomycin, Ristomycin A, Vancomycin, Teicoplanon and Teicoplanon aglycone
	Widely applicable, such as amino acids, peptides, non-steroidal anti-inflammatory drugs
	Astec® CHIROBIOTIC® V, Astec® CHIROBIOTIC® R, Astec® CHIROBIOTIC® TAG



	Cyclofructans
	Cyclic oligosaccharides
	Primary amine, acid, secondary amine, tertiary amine, alcohol
	Larihc® CF6-RN



	Porous organic materials
	Covalent organic framework, metal organic framework, metal organic cage, mesoporous silica
	Halogenated hydrocarbons, ketones, esters, ethers, organic acids, alkylene oxides, alcohols and sulfoxides
	/










[image: Table] 





Table 4. Comparison of peptide separation performances using the ChiroSil RCA (+), Crownpak (+) and Chrownpak (−) columns.
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Samples

	
Column

	
Ref.




	
ChiroSil RCA (+)

	
Crownpak (+)

	
Crownpak (−)




	
Peptides

	
Rs

	
α

	
Rs

	
α

	
Rs

	
α






	
lll/ddd-(Phe)3

	
-

	
-

	
-

	
5.58

	
-

	
1.28

	
[34]




	
ldl/dld-(Phe)3

	
-

	
-

	
-

	
-

	
-

	
-




	
lld/ddl-(Phe)3

	
-

	
-

	
-

	
-

	
-

	
-




	
ldd/dll-(Phe)3

	
-

	
-

	
-

	
-

	
-

	
-




	
dldl/ldld-Tyr-Arg-Phe-Lys-NH2

	
3.08

	
1.51

	
4.68

	
1.48

	

	

	
[81]




	
ddll/lldd-Tyr-Arg-Phe-Lys-NH2

	
4.76

	
1.92

	
9.46

	
2.39

	

	




	
dlll/lddd-Tyr-Arg-Phe-Lys-NH2

	
3.51

	
1.61

	
10.62

	
2.56

	

	




	
dldd/ldll-Tyr-Arg-Phe-Lys-NH2

	
3.00

	
1.52

	
<0.50

	
1.04

	

	




	
ddld/lldl-Tyr-Arg-Phe-Lys-NH2

	
3.14

	
1.51

	
5.75

	
1.65
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Table 5. Comparison of peptides separation performances using the ion-exchange (QN-AX and QD-AX) and zwitterionic (ZWIX (+) and ZWIX (−)) columns.






Table 5. Comparison of peptides separation performances using the ion-exchange (QN-AX and QD-AX) and zwitterionic (ZWIX (+) and ZWIX (−)) columns.





	
Samples

	
Column

	
Ref.




	
Ion-Exchange

	
Zwitterionic




	
QN-AX

	
QD-AX

	
ZWIX (+)

	
ZWIX (−)




	
Peptides

	
Rs

	
α

	
Rs

	
α

	
Rs

	
α

	
Rs

	
α






	
ll-Ala-Ala

	
0

	
1.00

	
1.07

	
1.75

	
0.29

	
1.03

	
1.24

	
1.35

	
[91]




	
ld-Ala-Ala

	
0

	
1.00

	
0

	
1.00

	
0.97

	
1.14

	
0.21

	
1.03




	
ll-Ala-Phg

	
2.35

	
1.46

	
2.44

	
1.52

	
0.94

	
1.13

	
1.15

	
1.17




	
ll-Ala-βPhe

	
0

	
1.00

	
0

	
1.00

	
0.90

	
1.09

	
0

	
1.00




	
ll-Ala-Phe

	
1.82

	
1.25

	
2.43

	
1.40

	
1.03

	
1.13

	
0.80

	
1.12




	
ld-Ala-Phe

	
0

	
1.00

	
0

	
1.00

	
0.53

	
1.12

	
1.29

	
1.17




	
ll-Ala-hPhe

	
0

	
1.00

	
1.56

	
1.30

	
0

	
1.00

	
0.90

	
1.20




	
βAla-l-Phe

	
0

	
1.00

	
1.05

	
1.15

	
4.36

	
1.45

	
2.50

	
1.34




	
ll-Ala-Phe-OMe

	
-

	
-

	
-

	
-

	
0

	
1.00

	
0

	
1.00




	
ll-Ala-Phe-NH2

	
-

	
-

	
-

	
-

	
0

	
1.00

	
0.55

	
1.12




	
ll-Ala-Tyr

	
2.36

	
1.34

	
2.47

	
1.48

	
1.52

	
1.21

	
1.30

	
1.42




	
ll-Ala-4-NO2-Phe

	
1.88

	
1.25

	
0.82

	
1.09

	
1.96

	
1.28

	
2.00

	
1.46




	
ll-Ala-Trp

	
2.36

	
1.51

	
2.35

	
1.58

	
7.09

	
2.21

	
3.50

	
1.96




	
Gly-l-Phe

	
0

	
1.00

	
1.89

	
1.49

	
0

	
1.00

	
0.53

	
1.19




	
l-Phe-Gly

	
0.63

	
1.14

	
1.52

	
1.28

	
3.21

	
1.33

	
2.00

	
1.26




	
ll-Phe-Ala

	
4.36

	
1.52

	
4.73

	
2.01

	
2.55

	
1.55

	
2.94

	
1.40




	
ld-Phe-Ala

	
0

	
1.00

	
0

	
1.00

	
2.71

	
1.44

	
0.97

	
1.17




	
ll-Lys-Phe

	
0

	
1.00

	
2.14

	
1.71

	
1.95

	
1.28

	
0.94

	
1.12




	
ll-Leu-Leu

	
3.20

	
2.19

	
4.00

	
2.37

	
1.40

	
1.15

	
0.63

	
1.17




	
ld-Leu-Leu

	
0

	
1.00

	
0

	
1.00

	
1.77

	
1.24

	
0.53

	
1.16
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Table 6. Comparison of Fmoc-amino acid separation performances using the UHPC-FPP-Titan-Tzwitt, UHPC-SPP-Halo-Tzwitt and Teicoshell columns on MeOH-rich mobile-phase condition.
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Samples

	
Column

	
Ref.




	
UHPC-FPP-Titan-Tzwitt

	
UHPC-SPP-Halo-Tzwitt

	
Teicoshell




	
Derivatization

	
dl-amino acids

	
Rs

	
α

	
Rs

	
α

	
Rs

	
α






	
Fmoc

	
Ala

	
8.06

	
1.69

	
9.35

	
2.02

	
4.44

	
-

	
[100]




	
Arg

	
4.74

	
2.09

	
5.26

	
2.44

	
2.01

	
1.32




	
Arg-(Pbf)

	
6.03

	
1.72

	
7.47

	
2.03

	
3.35

	
-




	
Asn

	
2.41

	
1.13

	
2.93

	
1.17

	
-

	
-




	
Asn-(Trt)

	
-

	
-

	
1.15

	
1.07

	
-

	
-




	
Asp

	
-

	
-

	
-

	
1.02

	
-

	
-




	
Asp-(OtBu)

	
1.95

	
1.11

	
2.09

	
1.16

	
-

	
-




	
Cys

	
1.14

	
1.14

	
1.68

	
1.16

	
1.82

	
-




	
Cys-(Trt)

	
1.59

	
1.10

	
2.54

	
1.16

	
-

	
-




	
Gln

	
7.99

	
1.30

	
4.71

	
1.39

	
1.58

	
-




	
Gln-(Trt)

	
3.23

	
1.22

	
4.46

	
1.32

	
1.96

	
-




	
Glu

	
1.42

	
1.06

	
2.76

	
1.11

	
2.21

	
-




	
Glu-(OtBu)

	
4.28

	
1.49

	
5.99

	
1.64

	
3.34

	
-




	
His

	
3.21

	
1.30

	
3.14

	
1.36

	
1.44

	
1.46




	
His-(Trt)

	
4.45

	
1.35

	
5.61

	
1.53

	
3.05

	
-




	
Ile

	
5.33

	
1.43

	
6.43

	
1.70

	
2.18

	
-




	
Leu

	
6.37

	
1.48

	
7.83

	
1.72

	
2.78

	
-




	
Lys

	
3.49

	
1.66

	
4.26

	
2.06

	
2.98

	
1.31




	
Lys-(Boc)

	
8.93

	
1.82

	
10.90

	
2.25

	
4.55

	
-




	
Met

	
7.33

	
1.54

	
8.94

	
1.82

	
4.15

	
-




	
Phe

	
4.56

	
1.30

	
5.45

	
1.43

	
2.23

	
-




	
Pro

	
-

	
-

	
-

	
-

	
-

	
-




	
Ser

	
2.92

	
1.15

	
3.92

	
1.21

	
2.21

	
-




	
Ser-(tBu)

	
4.30

	
1.27

	
5.54

	
1.41

	
2.35

	
-




	
Thr

	
2.92

	
1.18

	
3.74

	
1.27

	
1.65

	
-




	
Thr-(tBu)

	
1.16

	
1.107

	
1.75

	
1.11

	
-

	
-




	
Trp

	
3.07

	
1.19

	
3.91

	
1.29

	
1.97

	
-




	
Trp-(Boc)

	
-

	
-

	
-

	
-

	
2.93

	
-




	
Tyr

	
3.86

	
1.26

	
4.63

	
1.38

	
2.37

	
-




	
Tyr-(tBu)

	
4.78

	
1.60

	
7.56

	
1.82

	
4.16

	
-




	
Val

	
4.89

	
1.33

	
6.38

	
1.52

	
2.36

	
-
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Table 7. Summary of the most efficient techniques for enantioseparation of underivatized dl-amino acids.
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	Techniques
	CSP
	Columns
	Analytes
	Rs and/or α Average
	Ref.





	Liquid chromatography
	Crown-ether
	Cronwpak CR-I (+)
	21 dl-amino acids
	Rs: 5.12

(min. 1.49, max. 8.90)
	[80]



	
	Zwitterrionic
	Chiralpak ZWIX (+)
	21 dl-amino acids
	α: 2.33

(min. 1.26, max. 5.31)
	[93]



	
	Macrocycle antibiotic
	UHPC-SPP-Halo-Tzwitt
	28 dl-amino acids
	Rs: 5.01

(min. 1.15, max. 10.90)

α: 1.52

(min. 1.02, max. 2.44)
	[100]



	Supercritical fluid chromatography
	Crown-ether
	Crownpak CR-I (+)
	18 dl-amino acids
	Rs: 5.27

(min. 1.99, max. 9.26)
	[105]



	Gas chromatography
	Cyclofructan
	CF-CSP5
	7 dl-amino acids
	Rs: 1.81

(min. 1.50, max. 2.60)

α: 1.04

(min. 1.03, max. 1.06)
	[107]



	Capillary electrophoresis
	Crown-ether
	BGE containing 18C6H4
	18 dl-amino acids
	Rs: 2.97

(min. 0.70, max. 21.00)

α: 1.03

(min. 1.01, max. 1.22)
	[114]
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