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    This 5th volume of Recent Advances in Analytical Techniques contains five comprehensive chapters. The concepts described in this volume reﬂect the important recent advances in analytical chemistry including modern quality management aspects of these methods that can find wide use in industry. . The chapters cover important recent trends in analytical methods, including the use of Liquid Chromatography-Based Mass Spectrometers in Chiral Analysis; New Trends in Sample Preparation for Pharmaceutical and Biological Analysis by Chromatographic Methods; Qualitative and Quantitative Investigation of Bio Tissues using Microscopy and Data Mining; Analytical Techniques for Analysis of Metals; and Minerals in Soil Samples and Monitoring Therapeutic Response in Cancers: A Raman Spectroscopy Approach. We hope that the readers will greatly enjoy reading the excellent chapters contributed by eminent scientists in their respective fields. We would like to thank all the authors that have contributed to this volume for their superb contributions. Also, we would like to thank the Bentham staff, including Ms. Mariam Mehdi (Assistant Manager Publications), and Mr. Mahmood Alam (Director Publications) at Bentham Science Publishers for their untiring efforts and efficient interactions with the authors in the publication process.




    




    

      Prof. Dr. Atta-ur-Rahman, FRS


      Honorary Life Fellow


      Kings College


      University of Cambridge


      Cambridge, UK


      


      &


      


      Prof. Dr. Sibel A. Ozkan


      Faculty of Pharmacy


      Department of Analytical Chemistry


      Ankara University 06560 Yenimahalle/Ankara


      Turkey

    


  




  




  




  

    

      List of Contributors


    


  




  

    

      

        	Aysegul Dogan



        	Faculty of Pharmacy, Department of Analytical Chemistry, Hacettepe University, 06100, Sıhhiye, Ankara, Turkey



      




      

        	C. Murali Krishna



        	Tata Memorial Centre, Advanced Centre for Treatment, Research and Education in Cancer, Navi Mumbai, India



      




      

        	Cecilia Dobrecky



        	Departamento de Tecnología Farmacéutica, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Departamento de Farmacología, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina



      




      

        	Cemil C. Eylem



        	Faculty of Pharmacy, Department of Analytical Chemistry, Hacettepe University, 06100, Sıhhiye, Ankara, Turkey



      




      

        	Hafeez Ullah



        	Biophotonics Imaging Techniques Laboratory, Institute of Physics, The Islamia University of Bahawalpur, Bahawalpur, Pakistan



      




      

        	Kshama Pansare



        	Tata Memorial Centre, Advanced Centre for Treatment, Research and Education in Cancer, Navi Mumbai, India



      




      

        	Manuela Martinefski



        	Departamento de Ciencias Químicas, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Departamento de Tecnología Farmacéutica, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Universidad de Buenos Aires, CONICET, Buenos Aires, Argentina



      




      

        	Mario Contin



        	Departamento de Ciencias Químicas, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Departamento de Tecnología Farmacéutica, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Universidad de Buenos Aires, CONICET, Buenos Aires, Argentina



      




      

        	Muhammad Ramzan Khawar



        	Biophotonics Imaging Techniques Laboratory, Institute of Physics, The Islamia University of Bahawalpur, Bahawalpur, Pakistan



      




      

        	Munir Akhtar



        	Biophotonics Imaging Techniques Laboratory, Institute of Physics, The Islamia University of Bahawalpur, Bahawalpur, Pakistan



      




      

        	Nursabah E. Başcı



        	Faculty of Pharmacy, Department of Analytical Chemistry, Hacettepe University, 06100, Sıhhiye, Ankara, Turkey



      




      

        	Sabrina Flor



        	Departamento de Ciencias Químicas, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Departamento de Tecnología Farmacéutica, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Universidad de Buenos Aires, CONICET, Buenos Aires, Argentina



      




      

        	Saša popov



        	Oenological Laboratory, Heroja Pinkija 49, 26300 Vršac, Serbia


        MS Enviro, Njegoševa 22, 26300 Vršac, Serbia



      




      

        	Saša Šorgić



        	Oenological Laboratory, Heroja Pinkija 49, 26300 Vršac, Serbia



      




      

        	Saša Đurović



        	Institute of General and Physical Chemistry, Studentski trg 12/V, 11 000 Belgrade, Serbia



      




      

        	Silvia Lucangioli



        	Departamento de Tecnología Farmacéutica, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Universidad de Buenos Aires, CONICET, Buenos Aires, Argentina



      




      

        	Snežana Filip



        	Technical Faculty “Mihajlo Pupin” Zrenjanin, University of Novi Sad, Djure Djakovica b.b., 23000 Zrenjanin, Serbia



      




      

        	Valeria Tripodi



        	Departamento de Tecnología Farmacéutica, Universidad de Buenos Aires, Facultad de Farmacia y Bioquímica, Buenos Aires, Argentina


        Universidad de Buenos Aires, CONICET, Buenos Aires, Argentina



      


    


  




  




  




  

    Superior Aspects of Liquid Chromatography-Based Mass Spectrometers in Chiral Analysis




    


    Aysegul Dogan1, Cemil C. Eylem1, Nursabah E. Başcı1, *




    

      1 Faculty of Pharmacy, Department of Analytical Chemistry, Hacettepe University, 06100, Sıhhiye, Ankara, Turkey


    






    

      Abstract




      Chirality has many important roles in life activities because enzymes, amino acids, nucleic acids, carbohydrates, fats, metabolic intermediates, and many other types of biomolecules are chiral. Due to the different properties of enantiomers, chirality is important in biological systems, and it is also critically important in many other fields, such as the pharmaceutical industry, chemical industry, petrochemical industry, food industry, and agrochemicals, particularly, medicine. Roughly 56% of the pharmaceuticals currently in use are chiral, and 88% of these are administered in racemic proportions, while single-enantiomer formulations of some marketed drugs have shown the higher potency of one stereoisomer compared to the other. Although they have the same chemical structures, most of the enantiomers present in racemic drugs have different pharmacokinetic, pharmacodynamic, biological, and toxic effects. The amounts of chiral molecules in different matrices are far below the levels required for the analysis of pharmaceutical preparations. Therefore, high resolution and sensitivity are needed to analyze chiral molecules. Mass spectrometers, which generally offer higher levels of sensitivity than conventional detection systems and accordingly allow the analysis of lower levels of analytes, have made large contributions to separation and detection science. Developments in new types of columns, different analysis modes, different matrices, and pharmaceutics will be explored in this chapter. The parameters will be discussed with the pros and cons together with their applicability to different sample types.
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      INTRODUCTION




      Chirality is found in many areas of our life, from living systems to natural and synthetic organic substances. Chirality plays a dominant role in the interaction of molecules with biologically active substances, and it has created a new era in the




      development of the science branches. In other words, it has brought a third dimension to all fields of science.




      Isomers are two or more different compounds that can be represented by the same molecular formula. These are compounds possessing the same molecular formulas while having different atomic arrangements. For this reason, the chemical structures of isomeric compounds also differ. This phenomenon can be examined within the two categories of structural isomers and stereoisomers. The latter are molecules possessing the same structure and differing only by their atomic arrangements. The covalent bonds and functional groups of a biomolecule are central to the function of that molecule. Stereochemistry is also known as the three-dimensional design of molecules (the prefix stereo- means “three-dimensionality”), and since the enantiomers of chiral molecules are optically active, they refract polarized light to the right and left. In particular, carbon atoms exist in the form of stereoisomers. Isomers can be divided into conformational and configurational isomers. “Enantiomer” is the name given to one of two stereoisomers, which is a mirror image of the other [1].




      The word “chirality” has its origins in the Greek word “kheir,” which refers to the use of the right or left hand. Basically, chirality occurs when all the elements bonded to any element (mostly carbon atoms) are different from each other. A symmetrical center or axis does not exist and these molecules can occur in more than one form. In the most general form, chiral molecules have mirror images that do not coincide [2-4].




      Molecules that cannot be superposed and are mirror images of each other, as stated above, are known as enantiomers. Since the enantiomers of chiral molecules are optically active, they refract polarized light to both the left and right. Therefore, there are two types of enantiomers, S-enantiomers and R-enantiomers, where the S and R come from the Latin words “sinister” and “rectus,” respectively, which mean left and right. Mixtures containing equal amounts of these enantiomers are called racemic [5, 6].




      The development of chirality first started with the disintegration of the crystal molecule by Hauy in 1809. It became, even more, focal in 1848, when Louis Pasteur identified two crystals whose mirror images were asymmetric during the examination of tartaric acid crystals. Dr. J.H. van’t Hoff discussed the specific arrangement of the four groups around the central carbon atom. Over time, the importance of these studies began to increase, and van’t Hoff became the first scientist to receive a Nobel Prize in chemistry in 1901. In 1883, the concept of chirality had been fully expressed by Lord Kelvin with the following definition: “If it does not coincide with the mirror image of a geometric shape or a group of points itself, it is called chiral” [7].




      Chiral compounds have been widely used in industrial applications due to their various advantages. The reason why chirality is important for biological activity is that symmetry at the molecular level is dominant in biological processes [8]. In this sense, stereochemistry, the production of pharmaceutical products, and chiral properties are very prominent in determining the pharmacological effects of drugs. In particular, there is now significant interest in chiral separation for isolating and studying enantiomers. The chirality of molecules is important in the pharmaceutical field as well as in agriculture, food, electronics, and other applications. In addition to amino acid, enzyme, and hormone structures, chirality is also important in the plant, animal, and human life, and these molecules can be detected in living things by various methods, especially chromatographic methods.




      Chiral drugs can display diverse characteristics in terms of their bioavailability, metabolization, distribution, and elimination, and they also possess qualitatively and quantitatively variable pharmacological and toxicological properties [9-11]. This attracts attention in the pharmaceutical market because of its superiority. Efforts to develop novel approaches for enantioselectively producing new chiral compounds are widely supported.




      In the drug market, 88% of the drugs sold are mixtures consisting of racemates. Although they have identical chemical structures, the enantiomers present within racemic drugs generally possess varying characteristics in terms of their pharmacokinetics, pharmacodynamics, and biological and toxic effects. In its relevant guidelines, the US Food and Drug Administration (FDA) emphasizes that the physical effects of the different enantiomers present within racemic drugs need to be evaluated individually and that the design of novel chiral compounds as single enantiomers should be pursued [12]. It is possible that the enantiomers constituting drugs’ active ingredients are different and more effective than the isomers. For example, in a finding now known in the medical literature as the thalidomide disaster, thalidomide’s S-enantiomer exerts teratogenic effects, while the R-enantiomer has sedative properties [13]. Verapamil’s R-enantiomer has applications as a multidrug resistance modulator in chemotherapeutics for the treatment of cancer, and the S-enantiomer has applications as a calcium channel blocker. At the same time, the R-enantiomer has been demonstrated to exert cardiotoxic effects [7]. Increases in cases like these have prompted researchers to consider drug molecules as chiral molecules and to focus on the production of single-enantiomer molecules whenever possible.




      Gas chromatography, high-performance liquid chromatography (HPLC), supercritical liquid chromatography, and capillary electrophoresis are widely utilized for separating chiral pharmaceuticals throughout the stages of drug discovery. These electrophoretic and chromatographic techniques are highly valuable in the routine determination of enantiomeric purity in molecules that will be produced for pharmaceutical purposes. Among these various approaches, liquid chromatography is one of the most commonly used due to the considerable numbers of different columns on the market, the ranges of selectivity that are available, and the simplicity of scalability up to the level of preparation of analytical results. Especially for enantiomer separations of pharmaceutical molecules, more than 80% of multiple-system solvents in the polar organic phase, normal phase, or reverse-phase show successful results with polysaccharide-derivative fixed stationary phases (cellulose, amylose).




      Steadily growing numbers of novel molecules are being produced today as drug candidates, and when enantiomeric purity of such molecules is routinely determined before they are developed any further, the pharmaceutical industry is accordingly encouraged to pursue the concurrent development of rapid chiral analysis methods that follow straightforward protocols. The speed of such analytical procedures is of crucial importance. Therefore, screening strategies like supercritical fluid chromatography (SFC) and HPLC are applied, involving a process of selecting limited numbers of chiral selectors capable of powerful chiral recognition.




      A significant proportion of commercial and investigational pharmaceutical molecules are enantiomeric in composition, and a considerably large proportion of those show important enantioselective variation both pharmacokinetically and pharmacodynamically. Recognition of the importance of drug chirality has been growing accordingly, and the application of such molecules as enantiomers or racemates is now frequently explored in the drug literature. As evidence of the problems related to stereoselectivity in drugs has also increased, enantioselective analytical methods together with chromatographic tools have become a central point of the research being performed by many scientists. The separation of chiral compounds is of paramount importance because most bioorganic molecules possess chirality.




      In 2001, William S. Knowles, K. Barry Sharpless (from the USA), and Ryoji Noyori (from Japan) were awarded the Nobel Prize in chemistry in recognition of their work on catalytic asymmetric synthesis. This work offered unique insights into how chiral molecules can be used to accelerate and control important




      chemical reactions. It was stated that the results of their studies would lead to discoveries regarding antibiotics, new heart drugs, and better control of chemical reactions that will open the door to the treatment of Parkinson’s disease.




      Combined instrumental analysis techniques via high-pressure liquid chromatography and gas chromatography are very popular among researchers who are pursuing the separation of enantiomers. These techniques may be used in combination with modern MS detectors that offer high levels of sensitivity (GC-MS/MS, GC-MS, and LC-QTOF-MS). While gas chromatography often finds usage in efforts to separate volatile components, it is also suitable for qualitative and quantitative analysis [14]. The Chiraldex® GPN capillary GC column is also used for the stationary phase. Capillary Chiraldex® GPN GC columns provide phases consisting of α-, β-, or Ɣ-cyclodextrin derivatives for the separation of enantiomers. These columns are capable of separating various non-derivatized enantiomers that are difficult to resolve by HPLC. These columns selectively and effectively separate most of the enantiomeric molecules in chiral synthesis, biochemical and pharmaceutical molecules, environmental pollutants, sweeteners, and many other matrixes (Fig. 1).
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Fig. (1))


      Flow chart for chiral analysis.



      In liquid chromatographic enantiomeric separations, the separations are performed using chiral stationary phases. The Chirobiotic® V2 column is based on the binding of vancomycin with 18 chiral centers to high-purity silica gel surrounding three wells. These chiral stationary phases will undergo multiple molecular interactions with analytes that are polar, ionizable, and neutral. In other words, this system is quite versatile and a single Chirobiotic® column may be used with success in various mobile phases, allowing operation in normal or reverse phase. While this is valuable, an even more important feature of these Chirobiotic® columns is that ionic interactions occur, which allow for their application in both polar ionic and reverse-phase modes to conduct precise liquid chromatography-based mass spectrometry work. Six different molecular interactions take place in these columns, H-bond, ionic, P-P, hydrophobic, dipole, and steric. The use of these columns also offers multiple inclusion sites, which affect the selectivity according to the chosen analytes’ molecular shapes. Enantiomer separation can be optimized by making changes to the mobile phase, affecting both the type and the relative strength of different interactions. The most important feature of these columns is that they may be operated in normal, reverse and polar organic phases. Internal diameters of chiral columns range from micrometers to 10-20 cm. The reduction of the column diameters allows for lower solvent consumption, miniaturization with low sample volume, and less harmful waste for the environment while providing acceptable green chromatographic separations. The stationary and mobile phases used in liquid chromatographic studies are more interesting in terms of green analytical chemistry compared to gas chromatographic methods, as they have aspects that need to be greened more in terms of analysis parameters and the solvent and methods used in sample preparation, and they are among the methods frequently preferred by analysts.


    




    

      MASS SPECTROMETRY IN CHIRAL ANALYSIS




      Many biomolecules, such as enzymes, amino acids, fats, nucleic acids, carbohydrates, and metabolic intermediates, which are common in living organisms and have important roles in many vital activities, have chiral properties. In addition to biological systems, chiral analysis is important in many other fields, including chemistry, petrochemical, and agrochemical industries, and especially in the field of pharmaceuticals, as the optical isomers of chiral drugs cause significant differences in pharmacological and toxicological activities [15]. Especially in applications in the field of medicine, approximately 80% of medicinal chemicals and over 50% of drugs used today possess chirality, while about 90% of the drugs currently being marketed are racemic mixtures [7, 16]. Therefore, developing and implementing efficient chiral analysis methods is critically important, especially in terms of life and environmental science. Enantiomer-based analysis of chiral compounds remains a challenging topic in many areas, such as environmental, pharmaceutical, and biomedical applications. Analysis of chiral compounds for categorization as (+) and (-) enantiomers is very challenging because enantiomers have the same physical and chemical properties [17].




      The ultraviolet (UV) detector, traditionally used in liquid chromatography (LC), was the most widely used technique for chiral analysis. In addition, detectors with different operating principles, such as fluorescence, conductivity, and refractive index have been used in the chiral analysis. Nowadays, mass spectrometry (MS) is often preferred for chiral analysis as it gives better analysis speed, cost-effectiveness, and selective, sensitive, and accurate results [18, 19].




      MS is a powerful approach to analysis, and it offers valuable benefits, including high sensitivity, increased speed, and good molecular selectivity for the analysis of molecules that have different chemical groups [20, 21]. As a result of the development of modern instruments, MS began taking an increasingly central position in chiral analyses with its capability of analyzing small molecules of less than 2 ppm (0.0002%) while being highly selective and having a very low mass error [22]. Mass spectrometers are used for the separation and detection of analyte ions through their mass-to-charge ratios, while extensive databases, such as PubChem [23], METLIN [24], and HMDB [25], are used to identify molecules in non-targeted analyses, and analyte standards are often used in targeted analyses. In the beginning, MS was considered a “chiral-blind” technique since chiral molecules are defined by the rotation of plane-polarized light and enantiomers will possess the same masses and yield the same mass spectra [26, 27]. This limitation was due to the inability of MS to distinguish a difference in mass between the two enantiomers of a chiral molecule. By increasing molecular masses, structural complexities also increase; consequently, the probability of detecting more than one isomeric species with a common molecular mass increases. It accordingly becomes very difficult to separate and identify molecules with similar structures when the potential isomers of an analyte increase in quantity [26]. Thus, MS is often used combined with chromatographic techniques, such as capillary electrophoresis [28], supercritical chromatography [29], gas chromatography (GC) [30], and LC [31] to overcome the challenge of separating [32] and analyzing chiral molecules.




      In recent years, ion mobility and qTOF mass spectrometry, detecting mass at high resolution, has become a popular analytical approach due to its ability to distinguish isomeric species in complex biological samples [33]. However, the applications are still limited and there are few relevant studies in the literature [34, 35]. On the other hand, the ability to apply various fragmentation techniques by tandem mass spectrometry (MS/MS) is often utilized, as it is quite powerful in terms of its ability to provide an approach to distinguish the variation in fragment ion masses or bond dissociation energies of structural isomers [36, 37]. The analysis of chiral isomers with more similar structures by MS/MS poses a great analytical challenge, however, because the molecules show similar fragmentation [26]. Therefore, MS/MS must be combined with a chromatography technique in chiral separation. Of these possible techniques, LC-MS/MS and GC-MS/MS are the most commonly preferred methods for the analysis of chiral substances in applications from environmental analysis to biological sample analysis due to their high selectivity, sensitivity, and low detection limits [38, 39]. In cases where chiral analysis by GC-MS or LC-MS is not possible, supercritical fluidic chromatography-mass spectrometry (SFC-MS) has been proposed as an alternative analytical technique [40], and it was shown that SFC-MS was superior compared to the normal phase LC-MS technique [41].




      In this section, liquid chromatography-based mass spectrometry (LC-MS) and gas chromatography-based mass spectrometry (GC-MS) has been discussed, which are predominant techniques in clinical, pharmaceutical, and environmental chiral analysis. In the literature, it is seen that a wide range of chiral molecules from carboxylic acids to amino acids and from lipids to drug active ingredients were analyzed from complex samples, such as plasma [42], urine [43], tissues [44], serum [45], cell cultures [46], hair [47], and saliva [48], and these studies are presented in Table 1.




      

        Table 1 Chiral analysis as performed by GC-MS and/or LC-MS based on biological materials.




        

          

            

              	Molecules



              	Sample Type



              	Sample Preparation



              	Method Parameters



              	
Precursor ion→


              Daughter ion




              	LOD/LOQ



              	Linearity



              	Rec. (%)



              	Ref.

            


          



          

            

              	
(R)-Salbutamol


              (S)-Salbutamol


              a(R)-Sulphate


              b(S)-Sulphate




              	* Plasma


              ** Urine



              	
Ext.: SPE


              RC: Methanol



              	
I: LC-MS/MS


              C: ASTEC Chirobiotic T column (4.6 × 250 mm)


              FR: 2 mL/min


              MP: Methanol:Acetic acid:Ammonia (1000:5:1, v/v/v)


              IM: Positive



              	240 → 148


              342 → 244



              	*-/100


              pg/mL


              -/5


              ng/mL



              	*0.1-50


              a,b 5-250


              ng/mL


              **1-120


              a,b 5-600


              ng/mL



              	-



              	[49]

            




            

              	
DL-Pen


              L-Pen


              D-Pen




              	Urine



              	
Der.: 20 µL of the ethanolic 2% (w/v) ninhydrin for 5 min at 100 °C



              	
I: LC-MS/MS


              C: C18 (2.1 x 100 mm, 2.5 µm)


              FR: 0.5 mL/min


              MP (A): FA


              MP (B): Acetonitrile


              IM: Positive



              	367.21



              	20.52/62.18


              µmol/L



              	70-1120


              µmol/L



              	98



              	[50]

            




            

              	
*R-(+)-amlodipine


              **S-(-)-amlodipine




              	Plasma



              	
Ext.: SPE


              RC: 10 mM ammonium acetate:1-propanol



              	
I: LC-MS/MS


              C: Chiral α1-acid glycoprotein (4 x 150 mm, 5 µm)


              FR: 0.9 mL/min


              MP (A): 10 mM ammonium acetate (pH 4.5)


              MP (B): 1-propanol


              IM: Positive



              	409 → 238



              	0.03/0.09


              ng/mL



              	0.1–5


              ng/mL



              	*86


              **88



              	[42]

            




            

              	
R-(-)- methamphetamine


              S-(+)- methamphetamine




              	Urine


              Rat liver



              	
Ext.: 10 M sodium hydroxide + 0.5 ml chilled 1 M sodium bicarbonate:sodium carbonate (pH 9.0)


              Der.: S-(-)-TFAPC for 30 min at room temperature.


              Ext.: 4 ml ethyl acetate


              RC.: Ethyl acetate



              	
I: GC-MS


              C: HP-1 (12 m x 0.25 mm, 0.25 µm)


              OT: 120-275 °C



              	251


              279



              	-/10


              ng/mL



              	10–2000


              ng/mL



              	-



              	[30]

            




            

              	
Rac-MRT


              Rac-8-OHM


              Rac-DMR




              	Plasma



              	
Ext.: 0.5 M (pH 8) phosphate + 15% NaCl + n-hexyl ether + 0.01 M acetic acid


              RC: MP



              	
I: LC-MS/MS


              C: Chiralpak AD-RH column (4.6 x 150 mm, 5 µm)


              FR: 1 mL/min


              MP: Acetonitrile:Methanol:Ethanol (98:1:1, v/v/v) + 0.2% diethylamine


              IM: Positive



              	266.4 → 195.0


              282.3 → 211.1


              252.5 → 195.0



              	-/1.25


              ng/mL



              	1.25–125 ng/mL



              	18.3–45.5



              	[51]

            




            

              	
Alanine


              Proline


              Tyrosine


              Valine


              Methionine


              Leucine


              Lie


              Phenylalanine


              Tryptophan


              (D- and L- forms)




              	Serum



              	
PP: Acetonitrile


              RC: Acetonitrile:Water (10:1, v/v)


              Der.: L-PGA-OSu in TEA (10 mM) at 60 °C for 10 min


              RC: 0.1% FA in water + 0.1% FA in acetonitrile



              	
I: LC-MS/MS


              C: C18 (2.1 x 100 mm, 1.7 µm)


              FR: 0.4 mL/min


              MP (A): 0.1% FA


              MP (B): 0.1% FA in acetonitrile


              IM: Positive



              	201.08 → 84.04


              227.1 → 84.04


              293.11 → 84.04


              229.11 → 84.04


              261.08 → 84.04


              243.13 → 84.04


              243.13 → 84.04


              277.11 → 84.04


              316.12 → 84.04



              	1.88/-


              0.49/-


              0.98/-


              1.50/-


              1.89/-


              2.28/-


              1.00/-


              3.24/-


              1.41 /-


              fmol



              	20–800


              fmol



              	-



              	[45]

            




            

              	
Noradreniline


              Adrenaline


              R-PEA


              R-NEA


              [image: ]Alanine


              Histidine


              Methionine


              Valine


              Cystine


              Isoleucine


              Leucine


              Lysine


              Phenylalanine


              Tryptophan


              Tyrosine


              *Proline


              *Threonine


              **Asparagine


              **Glutamine


              **Serine


              ***Arginine


              ***Aspartic acid


              ***Glutamine




              	Saliva



              	
PP: Acetonitrile


              Der.: Water + DMT-(S)-Pro-OSu (10 mM) in acetonitrile + TEA (100 mM) in acetonitrile (1:1:3, v/v/v) at room temperature for 40 min



              	
I: LC-MS/MS


              C (1): C18 (2.1 x 100 mm, 1.7 µm)


              aC (2): ADME (2.1 x 100 mm, 2.7 µm)


              FR: 0.4 mL/min


              MP (1): 0.1% FA in acetonitrile/water


              *MP (2): 0.1% FA in methanol/water


              **MP (3): 0.1% acetic acid in acetonitrile:THF (9:1)/water


              ***MP (4): 10 mM ammonium acetate/acetonitrile


              **** MP (5): 0.1% acetic acid in methanol:THF (9:1)/water


              IM: Positive


              aC (2) was also used for the analysis of enantiomeric separation of 19 amino acids with different mobile phase




              	406.2 → 195.3-209.3


              420.2 → 195.3-209.3


              358.2 → 195.3-209.3


              408.2 → 195.3-209.3


              326.1 → 195.3-209.3


              392.2 → 195.3-209.3


              386.1 → 195.3-209.3


              354.2 → 195.3-209.3


              357.1 → 195.3-209.3


              368.2 → 195.3-209.3


              619.3 → 209.6-237.6


              402.2 → 195.3-209.3


              441.2 → 195.3-209.3


              418.2 → 195.3-209.3


              352.2 → 195.3-209.3


              356.2 → 195.3-209.3


              369.1 → 195.3-209.3


              383.2 → 195.3-209.3


              342.1 → 195.3-209.3


              411.2 → 195.3-209.3


              370.1 → 195.3-209.3


              384.1 → 195.3-209.3



              	208/-


              2901/-


              26.1/-


              19.7/-


              61.4/-


              186.8/-


              63.2/-


              157.5/-


              1200/-


              83.2/-


              44.4/-


              537.6/-


              46.2/-


              44.4/-


              109.5/-


              3294/-


              63.2/-


              1127/-


              2316/-


              a,****542.6/-


              331.3/-


              160.9/-


              718.1/-


              amol



              	0.5–10


              µM



              	L-Alanine


              97.8-106.4


              D-Alanine


              100.3-106.1



              	[48]

            




            

              	
Alanine


              Arginine


              Asparagine


              Aspartate


              Cysteine


              Glutamate


              Glutamine


              Histidine


              Isoleucine


              Leucine


              Lysine


              Methionine


              Phenylalanine


              Proline


              Serine


              Threonine


              Tryptophane


              Tyrosine


              Valine




              	Plasma


              Urine Cerebrospinal fluid



              	
PP: Acetonitrile


              Der.: Water:0.2 M sodium tetraborate (2:1, v/v) + (S)-NIFE in acetonitrile (5 mg/ml) for 20 min at room temperature



              	
I: LC-MS/MS


              C: C18 (2.1 x 100 mm, 1.7 µm)


              FR: 0.6 mL/min


              MP (A): 10 mM ammonium hydrogen carbonate (pH 9.5)


              MP (B): Acetonitrile


              IM: -




              	339.28 → 120.1


              424.4 → 201.13


              382.35 → 120.1


              383.25 → 134.1


              620.4 → 120.1


              397.35 → 148.1


              396.35 → 120.1


              405.35 → 110.1


              381.35 → 120.1


              381.35 → 120.1


              645.5 → 120.1


              399.3 → 120.1


              415.35 → 120.1


              365.3 → 120.1


              355.3 → 120.1


              369.35 → 120.1


              454.35 → 120.1


              680.45 → 120.1


              367.35 →120.1



              	1.98/-


              0.034/-


              5.15/-


              0.15/-


              -/-


              -/-


              0.32/-


              0.57/-


              0.061/-


              0.058/-


              0.12/-


              1.18/-


              0.28/-


              0.051/-


              0.22/-


              0.95/-


              0.29/-


              0.18/-


              0.052/-


              nM



              	0-2000


              nM



              	-



              	[52]

            




            

              	
Alanine


              Arginine


              Asparagine


              Aspartic acid


              Glutamine


              Glutamic acid


              Histidine


              Isoleucine


              Leucine


              Lysine


              Methionine


              Phe


              Ser


              Thr


              Trp


              Tyr


              Val




              	Serum


              *Plasma


              aUrine


              Mouse gut



              	
PP: Ice-cold methanol


              aRC: Water


              Der.: 20 µL OPA(200 mM):IBLC (200 mM) in 0.1 M borate buffer (1:3, v/v) at pH 9 with 0.1 sodium hydroxide



              	
I: LC-qTOF-MS


              C: C18 (2.1 x 150 mm, 1.7 µm)


              FR: 0.2 mL/min


              MP (A): 2.5 mM ammonium acetate (pH 6.2 with acetic acid)


              MP (B): 7% acetonitrile in methanol


              IM: Positive



              	379.132


              464.196


              422.138


              423.122


              436.154


              437.138


              445.154


              421.179


              421.179


              436.19


              439.136


              455.164


              395.127


              409.143


              494.174


              471.158


              407.164



              	*


              21.75/-


              19.6/-


              28.37/-


              –/-


              16.83/-


              –/-


              61.23/-


              7.78/-


              7.08/-


              –/-


              22.11/-


              20.63/-


              33.92/-


              79.43/-


              20.39/-


              64.35/-


              159.18/-


              pmol/L



              	*


              0.01–0.75


              0.0002–1.0


              0.01–0.75


              –


              0.0002–1.0


              –


              0.0001–0.5


              0.0001–0.75


              0.0001–0.75


              –


              0.0001–0.75


              0.0002–1.0


              0.0001–0.75


              0.0002–1.5


              0.0002–1.0


              0.0002–1.5


              0.01–0.75


              mg/L



              	-



              	[34]

            




            

              	
Levetiracetam


              R-a-ethyl-2-oxo-pyrrolidine acetamide




              	Plasma


              Urine


              (Dog)



              	
Ext.: SPE


              RC: Methanol



              	
I: GC-MS


              C: 6-TBDMS-2,3-perme-β-cyclodextrin (20%, w/w) in SE52 (10 m x 0.25 mm, 0.5 µm)


              OT: 110-210 °C



              	69-98-126



              	0.94/2.35


              -/15


              pmol



              	1 µM-2 mM


              0.5-38 mM



              	86.564 91.264



              	[53]

            




            

              	
Procyclidine


              THP


              Biperiden




              	Serum



              	
Ext.: Semi-permeable surface C18 cartridge



              	
I: LC-MS/MS


              C: β-CD (2 x 250 mm)


              FR: 0.25 mL/min


              MP (A): Acetonitrile:Methanol:Acetic acid:TEA (95:5:0.5:0.3, v/v)


              IM: Positive



              	288


              302


              312


              (SIM)



              	1/-


              ng/mL



              	11–600 ng/mL



              	98.4–100.4



              	[54]

            




            

              	R/S-warfarin



              	Plasma



              	
PP: 1N sulfuric acid


              Ext.: Ethyl ether


              RC: Methanol



              	
I: SFC-MS/MS


              C: Chiral (4.6 x 250 mm)


              FR: 7 mL/min


              MP (A): Ethanol–CO2 (30:70, v/v)


              MP (B): Ethanol


              IM: Positive



              	309.1 → 163.0



              	-



              	13.6–2500 ng/mL



              	98.5-105.1



              	[55]

            




            

              	
(+)-trans-Khellactone (−)-cis-Khellactone


              (+)-cis-khellactone (+)-praeruptorin A


              (−)-praeruptorin A


              (+)-praeruptorin


              (−)-praeruptorin B


              (+)-praeruptorin E




              	Plasma


              (Rat)



              	
PP: 200 phosphate buffer (pH 7.4)


              Ext.: Online SPE



              	
I: LC-MS/MS


              C: Chiral (4.6 x 150 mm, 5 µm)


              FR: 0.65 mL/min


              MP (A): 0.1% FA


              MP (B): 0.1% FA in acetonitrile


              IM: Negative



              	263.1 → 203.1


              263.1 → 203.1


              263.1 → 203.1


              409.0 → 227.1


              409.0 → 227.1


              449.1 → 227.1


              449.1 → 227.1


              451.1 → 227.1



              	-/2.57


              -/1.28


              -/1.28


              -/1.88


              -/4.16


              -/4.16


              -/4.18


              ng/mL



              	2.57–1315


              1.28–1315


              1.28–1315


              1.88–1930


              4.16–2130


              4.16–2130


              4.18–2140


              ng/mL



              	-



              	[56]

            




            

              	
D-Alanine


              D-Aspartic acid


              D-Serine


              L-Alanine


              L-Aspartic acid


              L-Serine




              	*Plasma


              **Tissue


              (Rat)



              	
*PP: Acetonitrile


              **Hom.: Cold 80% methanol


              Ext.: Water:Chloroform (1:1)


              RC: Water


              *, **Der.: 200 mM sodium borate (pH 8.8) +20 µL 10 mg/mL aTAHS or 10 mM bAccQ-Tag in acetonitrile at 55 °C for 10 min + 0.1% (v/v) FA



              	
I: LC-MS/MS


              C: Chiralpak ZWIX (+) (3 x 150 mm, 3 µm)


              FR: 0.5 mL/min


              MP: Methanol:Water (98:2, v/v) containing 50 mM ammonium formate + 50 mM FA



              	
a266 → 177


              310 → 177


              282 → 177


              b260 → 171


              304 → 171


              276 → 171



              	-



              	
a0.05–1000


              0.01–5000


              0.1–500


              0.1–5000


              0.1–1000


              0.1–5000


              b0.1–1000


              0.05–500


              0.05–500


              0.05–5000


              0.1–1000


              0.1–5000


              nmol/mL



              	100 ± 20



              	[57]

            




            

              	
D- Cysteine


              L- Cysteine




              	Cell Culture


              (A549 cells)



              	
Ext.: Cold methanol


              RC: Water


              Red.: 60 µL ammonium carbonate (0.2 M) in water + 15 µL of 10 mM DTT in water for 40 min at 50 °C


              Der.: AccQ-Fluor reagent in acetonitrile for 40 min at 55 °C



              	
I: LC-MS


              C: Chiralpak ZWIX(+) (4 x 150 mm, 3 µm)


              FR: 0.6 mL/min


              MP: Methanol:Acetonitrile:Water (49:49:2, v/v/v) containing 50 mM ammonium formate + 50 mM FA


              IM: Positive



              	292.1


              294.1



              	0.02 / 0.04


              0.05 / 0.11


              mg/L



              	0.05-0.50


              0.11-0.56


              mg/L



              	95.6-100.2



              	[46]

            




            

              	
*GNE-A


              **GNE-B


              ***GNE-C




              	Plasma


              (Rat)



              	
PP: Acetonitrile



              	
I: SFC-MS/MS


              *C (1): Chiralpak OZ-3 (3 x 150 mm, 3 µm)


              **C (2): ChiralcelAD-3 (3 x 150 mm, 3 µm)


              ***C (3): Chiralcel OJ-3 (3 x 150 mm, 3 µm)


              FR: 3 mL/min


              MP: 0.1% ammonium hydroxide in methanol


              IM: Positive



              	470.0 → 426.0


              380.2 → 241.2


              317.0 → 271.0



              	-



              	-



              	-



              	[58]

            




            

              	
5R-HETE


              5S-HETE


              8R-HETE


              8S-HETE


              12R-HETE


              12S-HETE


              15R-HETE


              15S-HETE




              	Plasma



              	
Ext.: Acetic


              Acid:isopropanol:hexane (2:20:30, v/v/v) + 5 ml of n-hexane


              RC: Methanol



              	
I: LC-MS/MS


              C: Chiral-amylose-1 (3 x 150 mm, 3 µm)


              FR: 0.2 mL/min


              MP (A): Methanol:Acetonitrile:Acetic acid (75:25:0.1, v/v/v)


              MP (B): Methanol:Acetonitrile:Acetic acid (60:40:0.1, v/v/v)


              IM: Positive



              	319.3 → 115.1


              319.3 → 115.1


              319.3 → 155.1


              319.3 → 155.1


              319.3 → 179


              319.3 → 179


              319.3 → 219.1


              319.3 → 219.1



              	-



              	0.1–500 ng/mL



              	-



              	[59]

            




            

              	
MET


              EDDP


              EMDP




              	Hair



              	
Ext.: Methanol:TFA


              (9:1) at 37 °C overnight


              RC: Water



              	
I: LC-MS/MS


              C: Chiral AGP (4 x 150mm)


              FR: 0.9 mL/min


              MP (A): 20 mM acetic acid:Isopropanol (93:7, pH 7.4)


              IM: Positive



              	310 → 265


              278 → 234


              264 → 220



              	0.0015/0.05


              0.008/0.03


              0.09/0.30


              ng/mg



              	0.05–2.0


              0.1–2.0


              1.2–3.2 ng/mg



              	49-96



              	[47]

            




            

              	
ortho-Cresol


              meta-cresol




              	Urine



              	
Ext.: Sodium chloride + HCl 37% 100 °C


              for 60 min + cooled at room temperature for 15 min + chilled at −20 ◦C for 90 min + 10 M sodium hydroxide + acetate/acetic acid (1 M)



              	
I: GC-MS


              C (1): Wax10 (30 m x 0.25 mm, 0.25 µm)


              C (2): CP Cresol capillary (50 m x 0.25 mm, 0.20 µm


              OT: 140-250 °C



              	108



              	0.006/-


              0.007 -


              mg/L



              	0.006-5


              mg/l



              	-



              	[60]

            




            

              	
BMS-Isomer-A


              BMS-Isomer-B




              	Liver microsomes



              	
Ext.: 1 mM NADPH in 50 mM potassium


              phosphate buffer (pH 7.4) at 37 °C + ice-cold acetonitrile


              Dil.: Acetonitrile



              	
I: LC-MS/MS


              C: Chiralpak AD-H (4.6 x 250 mm, 5 µm)


              FR: 0.9 mL/min


              MP (A):


              Ethanol:Methanol (3:1, v/v)


              MP (B): Ethoxynonafluorobutane


              IM: Positive



              	-



              	-/5


              -/10


              ng/mL



              	5-1000


              10-1000


              ng/mL



              	-



              	[61]

            




            

              	
S-MAMP


              R-MAMP




              	Hair



              	
W: Acetonitrile


              Inc.: 0.1 M HCl at 53 °C overnight


              Ext.: SPE


              Der.: 0.1% Marfey’s reagent in acetone and 0.2 M NaHCO3 for 60 min at 53 °C


              RC: 0.1 M HCl in Methanol:Water (6:4, v/v)



              	
I: LC-MS/MS


              C: C18 (2.1 x 100 mm, 2.6 µm)


              FR: 250 µL/min


              MP (A): Methanol:Water (6:4, v/v)


              MP (B): 0.1% FA in acetonitrile


              IM: Positive



              	400.1 → 339.1 400.1 → 324.1



              	80/-


              pg/mg



              	-



              	-



              	[62]

            




            

              	
R-amphetamine


              S-amphetamine




              	Urine



              	
Ext.: SPE + 0.05M ammonium acetate (pH 6.0) + 10 µL 0.3M HCl


              RC: 100 µL 2-propanol



              	
I: UHPSFC-MS/MS


              C: Chiral AD-3 (2.1 x 150 mm, 3 µm)


              FR: 1.3 mL/min


              MP (A): CO2


              MP (B): 0.2% cyclohexylamine in 2-propanol


              IM: Positive



              	136.1 → 119


              136.1 → 91



              	10/25


              ng/mL



              	50-10.000


              ng/mL



              	92-93



              	[63]

            




            

              	
(-)-enantiomer BAY z 7216


              (+)-enantiomer BAY z 7217


              (Metrifonate)




              	Blood


              (aMouse, brabbit, cdog)


              *Brain tissue


              (dMouse)



              	
Ext.: Acidified blood (whole blood:orthophosphoric acid-50:50, v/v) + 3 mL dichlormethane


              *Ext.: 0.74 M orthophosphoric acid (1:2, w/w)


              RC: Sample solution



              	
I: LC-MS/MS


              C: Daicel Chiralpak AS (2 x 250 mm, 10 µm)


              FR: 0.2 mL/min


              MP (A): n-heptane


              MP (B): Ethanol in 2 mM ammonium acetate + 1% water


              IM: Positive



              	257.0 → 127.1



              	
a -/10


              b -/5 µg/L


              c -/5


              µg/L


              d -/7.5


              ng/g



              	
a 10-4000


              b 5-1000 and 200-40000


              c 5-1000


              µg/L


              d 7.5-750


              ng/g



              	
a,c57-63


              b75-78


              d64-97


              (BAY z 7216)


              a,b,c44-60


              d60-69


              (BAY z 7217



              	[44]

            




            

              	
R-salsolinol


              S-salsolinol




              	Plasma


              Cerebrospinal Fluid



              	
PP: 1 M HClO4 containing 0.01% EGTA + 0.02% semicarbazide hydrochloride + 0.02% sodium metabisulfite


              H: 40 min at 80 °C


              Ext.: SPE


              Der.: pH 8.2 using 2 N NaOH + 0.2 N potassium phosphate buffer (pH 8.2), 100 µL of


              10% PFBBr and 200 µL of 1% DIPEA in acetonitrile for 2 h at 68 °C and extracted with hexane


              RC: Methanol



              	
I: LC-MS/MS


              C: Chiralpak AD-H (2.1 x 150 mm, 5 µm)


              FR: 0.12 mL/min


              MP: Isopropyl alcohol and methanol (3:2, v/v)


              IM: Positive



              	720 → 210



              	-/10 pg



              	0.5-5000


              pg



              	82-94



              	[64]

            




            

              	
D-Lactic acid


              L- Lactic acid


              R-Glyceric acid


              S-Glyceric acid


              R-2-HBA


              S-2-HBA


              R-3-HBA


              S-3-HBA


              R-3-HIB


              S-3-HIB


              R-Mandelic acid


              S-Mandelic acid


              R-Phenyllactic acid


              S-Phenyllactic acid


              N-A-D-T


              N-A-L-T




              	Serum



              	
PP: Acetonitrile


              Der.: 20 µL of 10 µmol/


              mL TPP/DPDS + 10 µL of 2 µmol/mL CAPAs (a analogue) incubated at 40 °C for 30 min


              * The manuscript is included in a validation study with chemical labeling reagents of 4 CAPA analogues (b, c, and d)




              	
I: LC-MS/MS


              C: C18 (2.1 x 100 mm, 1.7 µm)


              FR: 0.4 mL/min


              MP (A): %0.1 FA in water


              MP (B): Acetonitrile


              IM: Positive



              	398.2 → 309.3


              398.2 → 309.3


              414.2 → 309.3


              414.2 → 309.3


              412.3 → 309.3


              412.3 → 309.3


              412.3 → 309.3


              412.3 → 309.3


              412.3 → 309.3


              412.3 → 309.3


              460.3 → 309.3


              460.3 → 309.3


              474.3 → 309.3


              474.3 → 309.3


              554.3 → 309.3


              554.3 → 309.3



              	0.005/0.01


              0.01/0.03


              0.1/0.3


              0.1/0.3


              0.01/0.04


              0.005/0.01


              0.01/0.02


              0.01/0.03


              0.01/0.03


              0.02/0.04


              0.02/0.06


              0.02/0.05


              0.02/0.05


              0.02/0.05


              0.005/0.02


              0.005/0.02


              ng/mL



              	0.05-200


              0.1-500


              0.5-200


              0.5-200


              0.1-100


              0.05-100


              0.05-100


              0.05-100


              0.05-100


              0.2-200


              0.2-200


              0.2-200


              0.2-200


              0.2-200


              0.05-100


              0.05-100


              ng/mL



              	108.7


              79.8


              83.8


              90.4


              77.2


              88.3


              80.5


              73.6


              81.5


              93


              91


              87.9


              85.9


              89.4


              96.7


              104.1



              	[65]

            




            

              	
D-Methamphetamine


              L-Methamphetamine




              	Oral fluid specimen



              	
Dil.: 0.1 M sodium phosphate buffer (pH 6.0)


              Ext.: SPE


              RC: Sodium bicarbonate buffer (pH 9.0)


              Der.: Marfey’s reagent for 1 h at 56°C and neutralized with hydrochloric acid



              	
I: LC-MS/MS


              C: C18 (2.1 x 50 mm, 1.8 µm)


              FR: 0.6 mL/min


              MP (A): %0.1 FA


              MP (B): Methanol


              IM: Positive



              	402.1 → 118.9-284



              	-/25


              ng/mL



              	25–10000 ng/mL



              	89


              87



              	[66]

            




            

              	
Enantiomer-1


              Enantiomer-2


              (Terbutaline)




              	Plasma



              	
Dil.: 0.25 M ammonium acetate (pH ∼3) containing 20% acetonitrile


              Ext.: Online-dual-column (Oasis HLB Columns) (EC-1)



              	
I: LC-MS/MS


              C: EC-2 to the Chirobiotic T CSP (4.6 x 200 mm)


              FR: 1.2 to 2 mL/min


              MP (A): Ammonium trifluoroacetate (0.1% by weight) in methanol


              MP (B): Methanol


              IM: Positive



              	226.2 → 152.2



              	-/1.0


              ng/mL



              	1.0–200 ng/mL



              	74–85



              	[67]

            




            

              	
Levamisole


              Dexamisole




              	Hair


              (Human)


              Wool


              (Sheep)



              	
W: Water, acetone, and hexane


              Ext.: 1 mL Methanol + 1 mL methanol:1 mM ammonium formate buffer (pH 3.5-1:1, v/v) for 90 minute


              RC: Methanol


              Dil.: 10 mM ammonium acetate



              	
I: LC-MS/MS


              C: Chiral AGP column (4 mm x 100 mm,


              5 µm)


              FR: 0.8 mL/min


              MP: 10 mM ammonium acetate in 1% acetonitrile


              IM: Positive



              	205.0 → 178.0



              	2.5/10


              pg/mg



              	10-10000 pg/mg



              	-



              	[68]

            




            

              	
R-Amphetamine


              S-Amphetamine




              	Serum



              	
Ext.: 0.2 mM disodium carbonate + ethyl acetate + 0.3 M hydrochloric acid in methanol


              RC: 2-propanol



              	
I: LC-MS/MS


              C: AD-3 (2.1 mm x 150 mm,


              3 µm)


              FR: 1 mL/min


              MP (A): CO2


              MP (B): 0.1% ammonium


              hydroxide in 2-propanol:Methanol (1:1, v/v)


              IM: Positive



              	136.1 > 119.0


              136.1 > 91.0



              	4.2/12.5


              4.2/12.5


              mM



              	12.5–1000


              12.5–1000 nM



              	73



              	[69]

            




            

              	
12(R)-HETE


              12(S)-HETE


              15(R)-HETE


              15(S)-HETE


              11(R)-HETE


              11(S)-HETE


              8(R)-HETE


              8(S)-HETE


              PGE2


              PGD2


              8-iso-PGE2


              11β-PGF2


              PGF2α


              8-iso-PGF2α




              	*Cell Lysate


              **Media



              	
*Ext.: Chloroform:Metahnol (2:1, v/v) for 30 min


              0.5 mL of 0.4N potassium hydroxide in 80% methanol for 1 h at 60 °C


              Dil.: Phosphate buffered saline (pH 6 with concentrated hydrochloric acid)


              **Ext.: Diethyl eter for 30 min at room temperature


              Der.: 20% (v/v) N,N-diisopropylethylamine + 20% (v/v) PFB in diethylether for 1 h at 60 °C



              	
I: LC-MS/MS


              C: Chiralpak AD-H column (4.6 mm x 250 mm,


              5 µm)


              FR: -


              MP (A): Hexane


              MP (B): 2% methanol:isopropanol (1:1, v/v)


              IM: Positive



              	319.04 → 179.11


              319.04 → 179.11


              319.04 → 219.12


              319.04 → 219.12


              319.04 → 167.11


              319.04 → 167.11


              319.04 → 155.09


              319.04 → 155.09


              351.03 → 271.15


              351.03 → 271.15


              351.03 → 271.15


              353.03 → 193.11


              353.03 → 193.11


              353.03 → 193.11



              	-



              	-



              	-



              	[70]

            




            

              	
R-Bambuterol


              S-Bambuterol




              	Plasma



              	
Ext.: Ethyl acetate


              Der.: Diacetyl-L-tartaric anhydride (10 mg/mL in


              acetic acid:dichloromethane (1:4, v/v) for 3 min at 60 °C + methanol


              RC: Mobile phase



              	
I: LC-MS/MS


              C: C18 (2.1 mm x 50 mm, 1.7 µm)


              FR: 0.6 mL/min


              MP (A): 0.125% formic


              acid in water with 5 mM ammonium acetate


              MP (B): 0.125% FA in methanol with 5 mM ammonium acetate


              IM: Positive



              	584.4 → 294.1



              	-/ 2.50


              pg/mL



              	2.50–500 pg/mL



              	-



              	[71]

            




            

              	
Dextromethorphan


              Dextrorphan


              ⊥(+)/(-)-3-MEM


              ⊥(+)/(-)-3-HM


              aLevomethorphan


              bLevorphanol




              	*Plasma


              **Urine


              ***Hair


              (Rat)



              	
*Dil.: 10 mM


              ammonium formate buffer (pH 5.0) + β-glucuronidase solution at 37 °C for 20 h


              PP: Methanol


              **Dil.: β-glucuronidase + 10 mM ammonium formate buffer (pH 5.0) at 37 °C


              Ext.: SPE


              ***W: 0.1% sodium


              dodecyl sulfate


              Ext.: Methanol:5 M hydrochloric acid (20:1, v/v)


              RC: Water



              	
I: LC-MS/MS


              C: Chiral CD-Ph (2.1 mm x 150 mm, 5 µm)


              ⊥ ODS (2.1 mm x 100 mm, 1.8 µm)


              FR: 0.25 mL/min


              ⊥ 0.3 mL/min


              MP (A): 0.1% FA


              MP (B): 0.1% FA in acetonitrile


              IM: Positive



              	272 → 171


              258 → 157


              258 → 170


              244 → 156


              272 → 171


              258 → 157



              	*


              0.8/1


              0.4/0.8


              0.8/1


              0.8/1


              0.8/1


              0.8/1


              ng/mL


              **


              1/2.5


              1/2.5


              2.5/5


              2.5/5


              1/5


              1/5


              ng/mL


              ***


              0.025/0.05


              0.025/0.05


              0.025/0.05


              0.025/0.1


              0.025/0.1


              0.025/0.05


              ng/mg



              	*


              1-400


              ng/mL


              **


              5-10000


              a


              10-10000


              b


              10-10000


              ng/mL


              ***


              0.1-50


              ng/mg



              	*


              106.1


              81.7


              110.5


              92.5


              100.8


              90.7


              **


              90.2


              106.1


              102.5


              91.3


              94.6


              93.1


              ***


              84.2


              99.8


              83.8


              91.4


              98.1


              112.2



              	[72]

            




            

              	
DL-Ibuprofen


              DL-Naproxen


              *DL-Lactic acid


              * (S)(R)-3-HBA


              *DL-Malic acid




              	Saliva



              	
PP: Acetonitrile


              D: Acetonitrile:Water (9:1, v/v)


              Der.: 10 mM PCP2 + 100 mM EDC and 100 mM dimethylaminopyridine in acetonitrile:Water (9:1, v/v)


              for 60 min at 60 °C


              D: 20 mM ammonium formate:Methanol (1:3, v/v)



              	
I: LC-MS/MS


              C: C18 (2.1 mm x 100 mm, 1.7 µm)


              FR: 0.3 mL/min


              MP (A): 0.1% FA


              *20 mM ammonium formate


              MP (B): Acetonitrile


              IM: Positive



              	380.2 → 70.0


              404.2 → 70.0


              264.1 → 70.0


              278.2 → 70.0


              481.2 → 70.0



              	0.049/-


              0.26/-


              0.046/-


              0.032/-


              0.14/-


              fmol



              	*10 nM–1 µM



              	-



              	[73]

            




            

              	
S(-)-Albuterol


              R(+)-Albuterol




              	Plasma


              (Dog)



              	
Ext.: On-line (1 x 50mm Cyclone-P HTLC)



              	
I: LC-MS/MS


              C: Chirobiotic T (4.6 mm x 150 mm)


              FR: 1.25 mL/min (split 1:3)


              MP (A): 0.02% FA in methanol


              MP (B): 0.1% ammonium formate in methanol


              IM: Positive



              	240 → 148



              	–/2.5 nM



              	2.5–


              2500


              nM



              	-



              	[74]

            




            

              	
DL-Amphetamine


              DL-Methamphetamine




              	Urine



              	
Der.: Hexane + 2% (v/v) Mosher:Hexane


              and 5 M KOH


              RC: 0.1 FA% in water with 5 mM ammonium formate + 0.1 FA% in methanol



              	
I: LC-MS/MS


              C: C8 (2.1 mm x 50 mm, 1.7 µm)


              FR: 300 µL/min


              MP (A): 0.1 FA% in water with 5 mM ammonium formate


              MP (B): 0.1% FA in methanol


              IM: Positive



              	352 → 91-119-202


              366


              366 → 119, 148, 216



              	-



              	-



              	-



              	[75]

            




            

              	
SR-Prasugrel


              SS-Prasugrel


              RS-prasugrel


              RR-prasugrel




              	Plasma



              	
PP.: Methanol:water (1:1, v/v) + 300 µl 1% FA


              Ext.: SPE (C8)


              Der.: 0.1 M 2-bromo-3’-methoxyacetophenone for 10 min


              Dil.: Acetonitrile



              	
I: LC-MS/MS


              C: Two ProntoSIL Chiral AXQN (2 x 150 mm and 250 x 2 mm)


              FR: 170 µL/min


              MP: Methanol:Acetic acid:Water:0.1 M ammonium acetate (200:1.2:0.6:0.0025, v/v/v/v)


              IM: Positive



              	498.2 348.3



              	-



              	4–256


              ng/mL



              	-



              	[76]

            




            

              	
(S)-(-)- metoprolol


              (R)-(+)- metoprolol




              	Plasma



              	
Ext.: SPE (C8)


              RC: Mobile phase



              	
I: LC-MS/MS


              C: Lux Amylose-2 (4.6 x 250 mm, 5 µm)


              FR: 1 mL/min


              MP (A): 15 mM ammonium acetate (pH 5.0)


              MP (B): 0.1% diethyl amine in


              acetonitrile


              IM: Positive



              	268.3 → 116.3



              	–/0.500 ng/mL



              	0.500–500 ng/mL



              	-



              	[77]

            




            

              	
R-(+)-ornidazole


              S-(−)-ornidazole




              	Plasma



              	
Ext.: Water + Ethyl acetate


              RC: Mobile phase



              	
I: LC-MS/MS


              C: Chiral-AGP column (4.0 x 150 mm, 5 µm)


              FR: 0.5 mL/min


              MP: 10 mM ammonium acetate:Acetic acid (100:0.01, v/v)


              IM: Positive



              	220 → 128



              	0.006/0.030 µg/ml



              	0.030–10.0 µg/ml



              	-



              	[78]

            




            

              	
R-zopiclone


              S-zopiclone




              	Plasma



              	
Ext.: SPE


              RC: Mobile phase



              	
I: LC-MS/MS


              C: Chiral-AGP column (2.0 x 50 mm, 5 µm)


              FR: 1 mL/min


              MP: 10 mM ammonium acetate in water (pH unadjusted):Methanol (85:15, v/v).


              IM: Positive



              	389.2 → 245.0



              	-



              	1.00–100 ng/mL



              	-



              	[79]

            




            

              	
(−)-donepezil


              (+)-donepezil




              	Plasma



              	
Ext.: tert butyl-methyl ether


              RC: Mobile phase



              	
I: LC-MS/MS


              C: CHIRALCEL OD–RH (2.0 x 150 mm, 5 µm)


              FR: 0.3 mL/min


              MP: Acetonitrile:Ammonium bicarbonate 10 mM, pH 9 (60:40, v/v)


              IM: Positive



              	380.2 → 91



              	-



              	0.05–25.0


              ng/mL



              	-



              	[80]

            


          

        




        

          AccQ-Tag: 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate, C: Column, D-Pen and L-Pen: Pure enantiomers, DL-Nad: DL-noradren-aline bitartrate monohydrate, D: Dissolved, DMT-(S)-Pro-OSu: (S)-2,5 dioxopyrrolidin-1 -yl-1-(4,6-dime- thoxy-1,3,5-triazin-2-yl)pyrrolidine-2carboxylate, EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide, EDDP: 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EGTA: ethylene glycol bis-2-aminoethyl ether-tetraacetic acid, Ext.: Extraction, FA: Formic acid, fmol: Femtomole, GC: Gas chromatography, HBA: Hydroxybutyric acid, HETEs: Hydroxyeicosatetraenoic acids, HIB: Hydroxyisobutyric acid, Hom.: Homogenization, H: Hydrolyze, Inc.: Incubation, I: Instrument, IBLC: thiol isobuteryl-l-cysteine, IM: Ionization mode, L-PGA-OSu: l-Pyroglutamic acid succinimidyl ester, LC: Liquid chromatography, LOD: Limit of detection, LOQ: Limit of quantification, MET: Racemic methadone, mL: Milliliter, mM: Millimolar, MP: Mobile phase, MS: Mass spectrometry, N-A-D-T: N-acetyl-D-tryptophan, N-A-L-T: N-acetyl-D-tryptophan, ng: Nanogram, NIFE: N-(4-nitrophenoxycarbonyl)-L-phenylalanine 2-methoxyethyl ester, nM: Nanomolar, OPA: O-phthalaldehyde, OT: Oven Temperature, PCP: prolylamidepyridines, PG: Prostaglandin pmol: Picomole, R-NEA: (1-naphthyl) ethylamine, R-PEA: 1-phenylethylamine, Rac- 8-OHM: Racemic 8-hydroxymirtazapine, Rac-DMR: Racemic demethyl mirtazapine, Rac-MRT: Racemic mirtazapine, RC: Reconstitution, Rec.: Recovery, Red.: Reduction, Ref.: References, S-(-)-TFAPC: S-(-)- N-(trifluoro acetyl) -prolyl chloride, SFC: Supercritical fluidic chromatography, SIM: Selected ion monitoring, SPE: Solid phase extraction, TAHS: p-N,N,N-trimethylammonioanilyl N'-hydroxysuccinimidyl carbamate iodide, TEA: Triethylamine, UHPSFC: Ultra-high performance supercritical fluid chromatography, W: Washing, µmol: Micromole.

        




      




      Table 1 includes the chiral studies in the literature that have made use of GC-MS, LC-MS, and SFC. For these studies, chiral molecules, sample type and preparation, method parameters, precursor ion → daughter ion, LOD/LOQ, linearity, and recovery information are provided in detail in Table 1 .




      

        Gas Chromatography-Mass Spectrometry




        There are certain advantages and disadvantages of using GC-MS in the analysis of chiral molecules. While the prime advantage of GC-MS is its ability to reach very high theoretical layer numbers, the most important disadvantage is that it allows the analysis of only volatile and thermally stable molecules. As with all chiral analytical methods, analysis of chiral molecules by GC-MS is performed with a non-chiral stationary phase by converting enantiomers to diastereomers in the presence of a chiral derivative or directly by chiral separation using a chiral stationary phase (CSP) [81-83]. Despite this advantage of the derivatization process, its disadvantages are that it is costly, it is harmful, and it requires long sample preparation procedures [39, 84]. In addition, limited stationary phases are available for use in analyzing chiral substances with GC-MS. CSP selection is made by trial and error, like in LC-MS. Also, it is not easy to take full advantage of the selectivity, which is the most important chromatographic parameter in chiral analysis, via the mobile phase. Although these factors limit the applications of GC-MS in chiral analysis, it is frequently used for analyzing volatile compounds like essential oils or flavor and fragrance molecules [85-88]. In the literature, studies have reported the use of GC-MS in analyzing various drug active ingredients and metabolites from biological samples (Table 1). The station-ary phases are divided into three categories in chiral analysis with GC-MS (Fig. 2). These are cyclodextrin derivatives, chiral amino acid derivatives, and metal coordination complexes. Apart from these, many stationary phases, such as polysaccharides, cyclopeptides, and chiral ionic liquids, are used in chiral analyses. Of these, the most commonly used chiral stationary phases are cyclodextrin and chiral amino acid derivatives, and these are commercially available. Others are non-commercial chiral stationary phases [82, 89-91].




        The first study of direct separation of enantiomers by GC-MS was carried out in 1966 using N-trifluoroacetic-Lysoleucine lauryl ester for the stationary phase by Gil-Av et al. [92]. Tao et al. used S-(-)-N-(fluoroacyl)-prolyl chloride as a derivative and analyzed R-(-)- methamphetamine and S-(+)-methamphetamine by GC-MS using a non-chiral 100% dimethyl polysiloxane stationary phase [30]. On the other hand, Isoherranen et al. analyzed levetiracetam together with its enantiomer, (R)-α-ethyl-2-oxo-pyrrolidine acetamide, without derivatization by utilizing a chiral cyclodextrin capillary column (TBDMS-2,3-perme- β-cyclodextrin (20%, w/w) in SE52) [53]. In another study, Fustinoni et al. used a poly (ethylene glycol) stationary phase for the analysis of ortho-cresol [60]. They reported that they did not separate ortho-cresol and meta-cresol with the poly(ethylene glycol) stationary phase and that separation was achieved with the chiral CP cresol column despite a longer analysis time.


      




      

        Liquid Chromatography-Mass Spectrometry




        LC-MS offers excellent analytical linearity, sensitivity, and selectivity, and the development of simple methods has become very important, especially in the analysis of chiral molecules [93, 94]. LC-MS/MS has greater selectivity than conventional LC-MS devices, helping to develop complex separation methods for analyzing drug molecules or metabolites from complex biological matrices and minimize extensive sample preparation steps [95, 96]. Chiral analyses are basically divided into two categories in LC-MS, 1) normal phase and 2) reverse-phase LC-MS.


      




      

        Normal Phase and Reverse Phase Liquid Chromatography-Mass Spectrometry




        For normal phase chromatography, control of the mobile phase is very important. Normal phase chromatography does not allow strong separation in the analysis of complex samples, although small changes in the mobile phase composition can cause significant differences in the chromatogram. For this reason, achieving equilibrium and elution of polar substances is very slow in normal phase chromatography, resulting in the formation of flat peaks. Furthermore, many mobile phases applied for normal phase chromatography cannot be utilized for MS as a result of having low polarity and dielectric constants [97]. Besides, apolar solvents are expensive. Nie et al. emphasized that using flammable mobile phases like hexane, used in normal-phase LC at high flow rates, may create potential explosion hazards in atmospheric pressure chemical ionization (APCI) or could cause damage by creating high voltage discharge in the ESI needle [18, 93]. Jiang et al. proposed five different solutions to overcome the problems that may damage the MS system in normal phase chromatography [97]. The simplest of these solutions is to increase the amount of polar solvent utilized in the mobile phase; in other words, the mobile phase’s polarity is increased. Despite these disadvantages of normal phase LC-MS, its use in the analysis of chiral molecules is seen quite often in the literature.




        For instance, Zhang et al. performed the analysis of BMS-isomer-A and BMS-isomer-B with ethoxynonafluorobutane (ENFB), an alternative solvent that is non-flammable and not environmentally harmful, by applying APCI tandem mass spectrometry coupled with normal phase LC [61]. They separated two isomers using a Chiralpak AD-H column (4.6 × 250 mm, 5 µm) with ethanol:methanol (3:1, v/v) and ethoxynonafluorobutane mobile phases with the flow rate set to 0.9 mL/min.




        Zimmer et al. reported the separation of metrifonate enantiomers from samples of brain tissues and blood utilizing a normal phase Daicel Chiralpak AS column (2 × 250 mm, 10 µm) in the presence of ethanol and n-heptane in 2 mM ammonium acetate + 1% water mobile phase with a flow rate of 0.2 mL/min [44]. In addition, other studies using normal phase LC-MS for analyzing chiral molecules are present in the literature [64, 70].




        Reverse phase LC is much more preferred than normal phase LC in the chiral analysis due to the number of stationary phases that can be utilized, the availability of strong organic solvents, the compatibility with ESI-MS, and APCI-MS, and the use of buffers in various pH ranges. In reverse phase chromatography, having salts and non-volatile components present in the mobile phase can be incompatible with ionization techniques, although not as much as in normal phase chromatography [98]. Although LC-MS is used quite often for chiral analyses, other chromatographic separation techniques are sometimes used for analyses that are not performed well by LC-MS [99].




        However, developing an LC-MS approach for chiral analysis remains a difficult and demanding task. Although there are various chiral stationary phases on the market for chiral separations with LC-MS, there are still unresolved issues in terms of time and cost due to the different stereoselective properties and the cost of each column. Current trends in the industry due to the difficulties in sample preparation steps from complex matrices and the increasing number of samples are focused on shortening analysis time and increasing separation efficiency [93, 100, 101]. As in GC-MS, success in chiral analysis in LC-MS depends mainly on the selectivity and efficiency of the column, but the success can also be increased by mobile phase modification.




        It is sufficient for a chiral compound to interact with chiral compounds as a chiral stationary phase in analysis by LC-MS. Chiral columns have a chiral selective molecule and a carrier that does not interact with it. A single enantiomer of a chiral compound lies in the stationary phase. Chiral columns are prepared by adding the selected chiral compound to the surface of a non-chiral support layer like silica gel or alumina [102]. Enantiomers are separated from each other according to the number and type of interactions that occur with the CSP. Some of those stationary phases allow the separation of multiple and various chiral compounds, while others allow the separation of only certain chiral compounds. Chiral chromatography is performed as normal phase, reverse phase, or SFC according to the stationary phase type (Table 1). Molecular interactions involved in chiral separations are a) hydrogen bond interactions between the carbamate groups on the stationary phase and the polar chiral molecules; b) the π-π interactions between the aromatic groups of the chiral molecule and the phenyl groups on the stationary phase; c) the steric interactions that occur as a result of the helical structure of the stationary phase and d) dipole-dipole interactions [103]. On the other hand, developing a robust and sensitive analytical method can be difficult if the molecule has more than one chiral center; other groups in the molecule affect the chiral separation, and the molecule does not have suitable functional groups to facilitate chiral separation [103]. At this point, each parameter, such as column length, particle diameter, and column inner diameter, affects the success of the analysis. Since success in chiral analysis by LC-MS is directly dependent on the type of analyte and the mobile and chiral stationary phase, the intermolecular forces and factors affecting separation must be well understood [104, 105].




        Thanks to the continued developments in column technologies, excellent results can be achieved in chiral analysis by the development of micro-columns with smaller particle sizes and internal diameters and modification of various functional groups in various silica fillers (Fig. 2). Many of the chiral selective stationary phases in the literature are commercially available. The most preferred chiral selective stationary phase is based on polysaccharides [59, 63, 106]. Furthermore, the use of macrocyclic antibiotics [49, 74], cyclodextrin [54], protein-based [42], and zwitterionic chiral [57] stationary phases has been reported in the separation of chiral substances [93].




        
[image: ]


Fig. (2))


        The most commonly used stationary phases in chiral analysis by GC-MS and LC-MS.



        The polysaccharide CSP is composed of linear and helical polysaccharides, which are cellulose and amylose. In polysaccharide columns, the most commonly used column type in chiral analysis, the phase most often selected for use on cellulose is 3,5-dimethylphenyl carbamate [107-109]. Cellulose tris(4-methylbenzoate) is also commonly selected as a phase. Apart from these, cellulose tris-3,5-dichloro phenyl carbamate and amylose-(S)-α-methylbenzyl carbamate are also used. By using hydroxyl groups on the stationary phase, derivatives with different chiral selectivity can be formed with aromatic functional groups by carbamate bond. While polysaccharide CSP allows high selectivity, sensitivity, separation efficiency, and reproducibility, they can also be used with normal, reverse, and polar organic phases [103, 110]. For this reason, the polysaccharide CSP is mostly preferred. Their disadvantages are that they are incompatible with some organic solvents, such as dichloromethane, toluene, and acetone [111].




        The second most frequently used column type in the chiral analysis is cyclodextrin CSPs. Cyclodextrins consist of cyclic oligosaccharides that are divided into three classes as α, β, and γ [111]. It consists of a non-polar internal cavity and a truncated cone with free hydroxyl groups located at the edges [112]. Additional binding sites can be formed by the derivatization of hydroxyl groups by various polar or non-polar agents [113]. The chiral separation is based on the formation of an inclusion complex between the analytes and the interior cavity of the cyclodextrin. In addition, dipole-dipole, hydrogen-bond, ionic, π- or London interactions can also occur [114]. Cyclodextrin derivatives can be prepared by covalent bonding to the support material or physical coating. Covalent bonding is often desired as it provides a strong and resistant binding to the support material. The most preferred linkers are ether, amino, and urea [115]. There are also studies using cyclodextrin as a chiral additive in the mobile phase, and various applications are performed for new cyclodextrin CSPs developed with monolithic technology. Monolithic stationary phases have advanced one step ahead of other stationary phases, especially in recent years, due to their high and improved chromatographic performance.




        On the other hand, macrocyclic antibiotics have become a frequently preferred stationary phase in biological and pharmaceutical analyzes for the separation of enantiomers in recent years. Macrocyclic antibiotics differ into four groups as a) polypeptides, b) ansamycins, c) aminoglycosides and d) glycopeptides [116]. The most preferred and most promising class of macrocyclic antibiotic-based CSP are glycopeptides. Its chemical content consists of cyclic or polycyclic peptides [117]. Macrocyclic antibiotics, such as vancomycin, teicoplanin, teicoplanin aglycon, and ristocetin A are frequently used in chiral applications [118, 119]. By using these unique molecules, π-π, electrostatic, hydrophobic, dipole-dipole, hydrogen-bond, ionic, and Van der Waals interactions between macrocyclic antibiotic-based CSP and analytes are occurred, resulting in good chiral separations [120]. On the other hand, inclusion complexes can also be formed [110].




        There are hundreds of different types of chiral columns on the market. Choosing a chiral column can often be challenging for the researcher. For this reason, the researcher should know which stationary phase is selective for what and how it is used. At the same time, the parameters of selectivity, robustness, efficiency, and repeatability should also be considered when choosing a column for good chiral separation.




        Joyce et al. analyzed the enantiomers of salbutamol from plasma and urine with a chiral stationary phase containing a macrocyclic antibiotic (Chirobiotic T-4.6 × 250 mm) via LC-MS/MS. With a high flow rate of 2 mL/min, these researchers reported that they successfully analyzed the enantiomers of salbutamol in positive ionization mode utilizing a mobile phase comprising methanol, acetic acid, and ammonia (1000:5:1, v/v/v) [49]. In contrast, Santana et al. enantioselectively analyzed mirtazapine and its two main metabolites in human plasma using an extraction technique with three phases. To separate the enantiomers, they used a polysaccharide-based Chiralpak AD-RH column (4.6 × 150 mm, 5 µm) compatible with reverse-phase mobile phases and achieved a low LOQ of 1.25 ng/mL [51].




        In the literature, it was seen that if derivatization was applied in the sample preparation step, lower LOD and LOQ levels were achieved regardless of the column type. For instance, Madry et al. derivatized levamisole and dexamisole stereoisomers with pentafluorobenzyl bromide. These researchers reported that they performed the analysis of the levamisole and dexamisole stereoisomers with a mobile phase composition of isopropyl alcohol and methanol at 3:2 (v/v) with a flow rate of 0.8 mL/min utilizing a Chiral AGP column (4 mm × 100 mm, 5 µm) [68]. However, high-cost chiral stationary phases are often utilized in most LC-MS studies (Table 1), which can cause ion suppression and contamination in electrospray ionization. In order to prevent this, it is seen in many studies in the literature that C18 and C8 columns are used with a simple pre-column derivatization technique without the need for a costly chiral stationary phase (Fig. 3). Depending on the derivatization procedures and instruments, low detection limits, such as fmol [45] and pg [71], values were observed in chiral analysis using C18 columns.




        
[image: ]


Fig. (3))


        Stationary phases used in chiral analysis with LC-MS/MS.
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