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Abstract 

Mass spectrometry (MS) is a powerful and versatile analytical tool with advantages 

such as high sensitivity and high speed. The process of mass spectrometry involves the 

ionization of chemical compounds to produce charged molecules or fragments, 

followed by measuring their mass-to-charge ratios. There are various types of mass 

spectrometers, with different advantages and applications, including time-of-fligh, 

quadrupole, ion trap, orbitrap and Fourier transform ion cyclotron resonance mass 

spectrometers. MS has numerous applications in various fields such as chemistry, 

pharmacology, forensic science, environmental science and biology. In this thesis, two 

studies involving MS-based analytical methods are performed, including authentication 

of red wine and chiral recognition of drugs. 

 

The importance of authentication of red wine as well as current analytical methods for 

the authentication have been introduced in Chapter 1. Red wine, among the most 

consumed alcoholic drinks, occupies a great market worldwide. Due to its commercial 

value, though considerable efforts have been made to protect both consumers and 

producers, counterfeiting of wine has long time been a severe problem concerning 

dilution, prohibited addition and mislabeling of brands or years. The authenticity of 

wine with regard to its origins, vintage years, grape varieties, etc., has thus become an 

important issue. Developing a rapid, simple and accurate method to authenticate plenty 

of samples with complex features is required. 



ii 

 

Two direct mass spectrometry techniques, matrix-assisted laser desorption/ionization 

mass spectrometry (MALDI-MS) and direct analysis in real time mass spectrometry 

(DART-MS), were employed to analyze red wine in this project. The two methods were 

found to be complementary to each other in terms of mass ranges and detected 

compounds. A simple, rapid and high-throughput approach was developed for 

authentication of red wine for the first time, by combining spectral results from 

MALDI-MS and DART-MS. By coupling with orthogonal partial least squares 

discrimination analysis (OPLS-DA), this approach allowed the successful classification 

of 535 wine samples collected from 8 key wine-producing countries, with the correct 

classification rates of 100% on the calibration set and over 90% on the validation set 

for almost all countries, and 26 potential characteristic markers were selected. 

Compared to one single technique, this approach allowed the detection of more 

compound ions, and with higher fitting and predictive consequences. The satisfactory 

differentiation results of vintages and grape varieties further verified the robustness of 

the approach. This study demonstrated the feasibility of combining multiple mass 

spectrometric techniques for wine analysis, which can be extended to other fields or 

combinations of other analytical techniques. 

 

In Chapter 2, MS was applied for chiral recognition of chiral drugs. Chirality plays an 

important role in various fields, including chemistry, biology, pharmaceutical science, 

etc. Chiral compounds such as amino acids, proteins, enzymes, and nucleosides are vital 
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for life. The biological activities of the drug enantiomers can vary significantly due to 

their structural differences, emphasizing the important role of chiral recognition of 

drugs. Chiral recognition by MS is typically achieved by analysis of complexes found 

between enantiomers and chiral selectors, and tandem mass spectrometry (MS/MS) is 

commonly used for such analyses due to its simplicity and high reproducibility. In this 

thesis, MS/MS was utilized for the discrimination of several types of chiral drugs. 

 

Four chiral drugs, ofloxacin, clopidogrel, omeprazole and bupivacaine, were 

investigated first, by introducing various chiral selectors, such as amino acids and 

cyclodextrins. The influence of metal ions was investigated and optimized as well. For 

the first three drugs, various complex ions were formed by introducing chiral selectors. 

The results showed that using MS/MS, chiral differentiation could be obtained with all 

drugs studied. The MS/MS analysis of singly charged trimers 

[ofloxacin+2Pro+Cu−  ]+ with proline (Pro) as the chiral selector allowed effective 

analysis with a chiral recognition ratio (CR) of 1.44± 0.13, as well as enantiomeric 

excess determination of ofloxacin, the calibration curve of which gave a linear 

coefficient of 0.9878. The copper-bound trimers [clopidogrel+2Trp+Cu−  ]+ with 

tryptophan (Trp) as the chiral selector exhibited the highest level of chiral 

discrimination for clopidogrel, with a CR value of 2.16± 0.04. The doubly charged 

complex ions [omeprazole+2Trp+K+ ]2+ contributed to a significant CR value of 

0.27±0.15 for the effective discrimination of omeprazole enantiomers. Interestingly, 
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for bupivacaine, the MS/MS of its self-assembly trimers [3bupivacaine+ ]+ allowed 

differentiation of the enantiomers without any chiral selectors.  owever, the chiral 

analysis results obtained by the four chiral drugs were different, mainly due to the 

different sizes and chemical structures of the drugs, which had a significant impact on 

the formation of cluster ions and the binding strength within ions. Overall, these 

findings highlighted the varying chiral effects of drugs with different spatial structures, 

which might give instructions for the selection of selectors for chiral compounds. 

 

In Chapter 3, a further study was performed with omeprazole as a representative chiral 

drug first due to its excellent discrimination results, and the use of different types of 

chiral selectors was studied, including one amino acid, combinations of two amino 

acids, and dipeptides, with or without copper-bound, and the differences of complex 

ions were compared and discussed. Interestingly, it was found that the chiral 

discrimination of omeprazole could be achieved by introducing these three types of 

chiral selectors with dipeptides as the best, followed by two amino acids, and one amino 

acid the last. Results showed that increased numbers of complex ions were observed 

with dipeptides as the chiral selectors, indicating stronger binding between omeprazole 

and dipeptides. Chiral discrimination was observed with all dipeptides chiral selectors 

tested, even with only one chiral center in dipeptides or different orders of amino-acid 

residues in dipeptides. The application of peptides as chiral selectors was also extended 

to the analysis of other chiral drugs, e.g., clopidogrel. The results indicated the 
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exceptional efficacy of peptides as the chiral selectors for the chiral MS analysis and 

their potential for other chiral analyses, e.g., the design of chiral columns for chiral 

analysis by high-performance liquid chromatography.  

 

In Chapter 4, the results and general conclusions of the two studies were summarized, 

together with the prospects for them, especially for the second study, further 

investigations are needed. 
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Chapter 1.   Rapid Authentication of Red Wine by MALDI-

MS Combined with DART-MS 

1.1 Introduction 

1.1.1 Red wine  

Red wine, among the most consumed alcoholic drinks, occupies a great market 

worldwide. For example, 679 million liters of wine were imported to China in 20181, 

and 9.05 billion Euros of bottled wine were exported from France in 20172. It has 

become such an important part of the culture that people are more interested in tasting 

wines from different regions around the world. 

 

Compared with other spirits and beers, wine is highly popular, partially due to its unique 

production process, which is influenced by factors such as weather, region, and variety. 

This irregularity in production can lead to the scarcity of certain wines, which can be 

of great commercial value. Even by the same winemaker, the prices for wines can vary 

based on factors such as year, variety and growing condition. Wines with different 

quality and ages have different values3. With the rising prices and expanding market, 

wine has become an investment and collectible item. 

 

Except for its commercial values, the health effects of moderate consumption of wine 

have also been studied. Research has shown that light to moderate intake of wine can 

have a positive impact on protecting against coronary heart disease, which is attributed 

to the presence of active polyphenols in red wine that have properties of antioxidant 

and anti-inflammatory that help prevent atherosclerotic pathologies4-6. Bioactive 

compounds in wine are grouped as non-flavonoids and flavonoids7, among which the 
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benefits from resveratrol and anthocyanins have been widely discussed. Resveratrol 

primarily presents in grape berry skins, so the concentration is much higher in red wine. 

Resveratrol, found primarily in grape berry skins, has been proven to regulate lipid 

metabolism and prevent oxidation and aggregation of low-density lipids, which helps 

to increase the antioxidant potential, thereby reducing the risk of cardiovascular 

diseases8, 9. Anthocyanins, responsible for the color of red wine, are key components of 

the human diet that possess numerous health-promoting properties, e.g., antioxidant and 

anti-carcinogenic activities10, 11. Besides, other bioactive components also have great 

positive effects on human health4. 

 

Due to its financial profitability and health effects, counterfeiting of wine has long time 

been a severe problem. This includes using the branding of well-known wine companies, 

imitating bottle designs, filling empty bottles with fake liquid, mislabeling the 

production year, and diluting the wine with alcohol or water12. Considerable efforts 

have been made by many countries to protect both consumers and producers from this 

issue. The European Union, being the major importer and exporter of wine, has the most 

regulated wine market13. Similarly, countries including Argentina, Australia, South 

Africa, and the United States have also implemented regulations regarding the original 

regions, added chemicals and additives, and proper labeling of bottles14.  owever, 

despite these measures, wine fraud remains a persistent problem. An annual income loss 

of nearly €1.3 billion because of counterfeit alcoholic beverages and wines was reported 

by the EU market in 201615. In the past decade, the Chinese wine market has 

experienced significant growth, increasing more than fourfold, while it is said that less 

than 30% of wines sold in China were original16. Consequently, establishing reliable 

and accurate methods to ensure authenticity control of wine origin, year, variety, etc. 
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has become an important task. 

 

1.1.2 Current techniques for analysis of wine 

Wine is derived from grape berries, and the compositions of the berries vary widely and 

thus contribute differently to the overall compositions of the wine. Being a complex 

mixture with hundreds of components, the chemical compositions of wine change 

during production and storage, ultimately affecting its flavor17, 18. The wine production 

process involves berry growth, fermentation and aging19, each of which contributes to 

the unique chemical fingerprint of the wine. During berry development, polyphenolic 

compounds undergo a series of chemical reactions that create the complex texture found 

in red wine. Additionally, the viticultural methods and growing environment of the 

grapes also affect the chemical composition. Fermentation involves various chemical 

reactions of sugars, amino acids, and flavor compounds, which can be influenced by 

temperature, humidity, and other conditions20. Due to the metabolic activity of the yeast, 

as well as the interaction between varietal aromas and other components, the volatile 

compounds in wine are altered during the fermentation process21. Aging further 

influences the chemical profile of red wine, with factors such as oak wood barrels 

affecting the concentration of certain acids22. In addition, research has shown that the 

profile of aroma compounds, anthocyanin, polyphenol, yeast, protein and even biogenic 

amines in wine differ based on geography, grape type and vintage age, which can be 

analyzed by analytical techniques and thus as markers for the authentication of wines.  

 

The chemical compositions of red wine can vary due to the production and storage 

process, and they are influenced by factors such as geography, grape type and vintage 

age. Currently, in the field of wine analysis, a large number of biological and chemical 
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techniques have been utilized to determine various compounds. Biologically, DNA-

based methods have been employed for varieties authentication, however, issues such 

as degradation and complex DNA separation processes limit the amplification of this 

application23, 24. Chemical techniques, on the other hand, are widely studied and involve 

the analysis of elements, phenolic compounds, volatiles, and isotopic ratios. The wine 

elements that are associated with the geographical origin can be quantitatively 

determined by inductively coupled plasma mass spectrometry (ICP-MS), but such 

analyses cannot be extended to the proof of year or variety25, 26. Techniques such as 1  

nuclear magnetic resonance (NMR), ultraviolet-visible (UV-Vis) spectroscopy and 

Fourier transform infrared (FT-IR) spectroscopy are prevalent in studying grape 

varieties, vintage years, and regions27-29.  owever, these methods have limitations such 

as lower sensitivity, lower efficiency, and inability to provide accurate information for 

complex mixtures. 

 

Mass spectrometry is considered to be a powerful analytical technique, with increased 

applications in wine characterization, particularly by coupling with gas 

chromatography (GC-MS), high-performance liquid chromatography ( PLC-MS) and 

isotopic ratio (IR-MS)30-32. While GC-MS mainly detects volatile components and LC-

MS prefers polar ones, both of them require complicated sample preparation and 

chromatographic separation, making them time-consuming. IR-MS can provide 

accurate isotopic abundances but misses the molecular information, which is not ideal 

for wine component profiling. Direct mass spectrometry methods, such as matrix-

assisted laser desorption ionization mass spectrometry (MALDI-MS) and direct 

analysis in real time mass spectrometry (DART-MS), requiring neither sophisticated 

extraction nor separation steps, can provide rich information from numerous samples 
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in a relatively short time. 

 

1.1.3  MALDI-MS 

MALDI-MS was originally developed in 1988 by Karas et al.33 and is based on the use 

of a laser. MALDI-MS enables soft ionization of the sample by introducing a matrix, 

which prevents direct interaction between the laser and the analytes, thus minimizing 

fragmentation. The matrix is first irradiated by the laser, and then the absorbed energy 

is transferred from the matrix to the analyte for ionization. Several types of matrices 

can be chosen, depending on the mixing properties and the ability to uniformly co-

crystallize with the analytes34.  

 

MALDI-MS has a high tolerance to contamination, high sensitivity, rapid analysis and 

especially high-throughput as hundreds of sample spots can be analyzed automatically 

on the same MALDI plate. MALDI-MS has been extensively employed in various 

fields, such as compound profiling and differentiation of blended oils and herbal 

medicines35, 36. 

 

1.1.4  DART-MS 

The DART-MS technique, introduced by R.B. Cody et al. in 200537, has gained 

significant interest with the development of ambient desorption ionization techniques. 

The mechanism of DART can be divided into two steps in general: ionization and 

reaction38. During the ionization step, gas flow is introduced through an axially 

segmented tube, where gas atoms are excited by a corona glow discharge between a 

needle electrode and a perforated disk electrode. The gas flow then passes through an 

additional electrode, a heated area and a third grid electrode to remove anions and 
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electrons, allowing the remaining heated neutral or uncharged ground-state gas atoms 

to flow out from the ionization source into the atmosphere. During the reaction step, 

the excited gas atoms first ionize the surrounding gases (mainly nitrogen, oxygen, and 

water), and through various reactions, ionize the analyte material placed in the 

atmosphere. Protonated and deprotonated ions are observed in positive and negative ion 

modes, respectively, with specific species depending on the compounds and the 

presence of dopants. In many studies, ammonia or methylene chloride dopants can be 

used to enhance signals by forming [M + 𝑁𝐻4]+  or [M + Cl]−  in positive mode or 

negative mode39, respectively. Desorption electrospray ionization (DESI) is a similar 

ambient ionization technique to DART and is widely used in many fields. DESI uses 

pneumatic-assisted electrospray to generate charged aerosols containing low-

concentration electrolyte solvents, the highly charged aerosol droplets then hit the 

surface of the object, causing the release of analyte-containing charged droplets from 

the surface. DESI relies purely on liquid-phase processes, requiring large amounts of 

solvents, and is typically used for larger molecules than DART. DART is primarily 

suited for small molecules, enabling molecular weights between 50-1000 Da. In 

addition, considering the volatility of the analyte in wine analysis here, DART is more 

suitable as solution-phase processes are excluded. 

 

The major advantage of DART is minimal or no sample preparation is needed under 

ambient environment conditions, making it a powerful and potential analytical 

technique in rapid and high-throughput analysis with MS. This technique has been 

demonstrated in diverse fields, such as food quality and safety, forensic and security, 

and has been successfully applied to analyze solid, liquid and gas samples40-42. 
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Up to now, literature on red wine using MALDI-MS or DART-MS is still very few, 

primarily focusing on specific compounds or simplified samples at a small scale43, 44. 

MALDI-MS is commonly used for detecting large compounds and has been employed 

in the analysis of grape seed proteins and peptides in wine to differentiate grape 

varieties and geographical regions45, 46. Additionally, MALDI-MS has the potential to 

analyze small molecules such as anthocyanins, tannins, proanthocyanins, procyanidins 

and even yeasts. DART-MS is often used to investigate residual pesticides47 and quickly 

quantify trace-level volatiles48, 49.  owever, there have been limited applications of 

MALDI-MS or DART-MS in wine discrimination, despite their potential in this field. 

What’s more, while both targeted and untargeted methods have been used for wine 

characterization, the former has limitations when it comes to various wine 

characteristics, as some important but rarely reported compounds may be missing. In 

contrast, untargeted methods aiming to reveal changes in global chemical profiles have 

great superiority in discovering discriminative markers, including metabolites and 

secondary metabolites produced during fermentation and aging50. In this study, the 

untargeted method is utilized.  

 

1.1.5 Multivariate statistical modeling tools 

To obtain the best classification results, various multivariate statistical modeling tools 

have been routinely applied based on quantitative and qualitative information. Among 

them, principal component analysis (PCA), partial least squares discrimination analysis 

(PLS-DA), and orthogonal partial least squares discrimination analysis (OPLS-DA) are 

the most employed. PCA is a straightforward method that can handle multiple classes 

simultaneously and classify unknown observations. Three different varieties of 

Lambrusco wines were analyzed by  PLC, and PCA was applied to the profiles and 
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characterize the wines in terms of varieties51.  owever, PCA exhibits high intra-class 

variation, in other words, it can only separate significantly different classes with small 

variation. It is an overview and unsupervised statistical method that does not consider 

the category information of the sample. Maximum class separation is not the objective, 

and the explanation of group differences is not satisfactory. PLS-DA is an extension of 

PCA but outperforms PCA in classification. PLS performs supervision and involves 

information about sample classes and can evaluate the relationship between the 

descriptor and the response, helping to characterize the data structure. PLS-DA proves 

to be a powerful yet simple tool for analyzing microarray data with good predictive 

capability for clinical outcomes52. All samples before and after chemotherapy were 

overlapping in PCA, whereas they were apart and distinctly grouped with PLS-DA. But 

PLS-DA also suffers from low intra-class variability and lacks convincing explanatory 

ability when the number of classes increases. 

 

OPLS-DA53 is an extension of PLS-DA, which uses Y matrix to decompose X matrix 

into components that are related and unrelated to Y. One notable advantage of OPLS-

DA is its ability to differentiate between predicted and non-predicted changes. 

Removing orthogonal components enhances classification accuracy independent of the 

sample class. OPLS-DA is a powerful multivariate statistical modeling tool when 

dealing with complex samples and large groups, and has been widely used in the 

analysis of food samples, such as white wine54, peanut kernels55 and dried slices of 

shiitake56. In a study on determining the geographical origins of Korean Panax ginseng, 

PCA analysis failed to separate samples due to heavy peak overlap.  owever, OPLS-

DA was successful in clustering the samples, demonstrating excellent predictive and 

fitting abilities. Validation using testing samples yielded a prediction accuracy of 
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99.7%57. Authentication of red wine could also be accomplished by OPLS-DA. By 

coupling solid phase microextraction online with GC–MS, the red varietals were 

successfully determined with OPLS-DA58. Furthermore, with the assistance of OPLS-

DA, liquid chromatography/ion mobility quadrupole time-of-flight mass spectrometry, 

NMR and infrared-based techniques enabled to tracing back geographical origin of red 

wines59-61.  

 

In this chapter, OPLS-DA models will be used as there are multiple classes to be 

differentiated with large internal differences: vintage years, grape varieties, produced 

areas, wine types and almost thoroughly different brands.  erein, we developed 

untargeted and high-throughput methods for rapid authentication of wine using 

MALDI-MS and DART-MS, coupling to OPLS-DA. Neither method can achieve the 

distinction of wine independently, but they were found to be complementary, mainly 

due to their different ionization methods and different analyte preferences. Though 

simple and rapid analysis can be performed without chromatographic separation, signal 

suppression may simultaneously cause loss of analyte information. For MALDI-MS, 

the high vacuum status inside makes it preferable to non-volatile compounds, besides, 

matrices used may result in background effects. For DART-MS, ambient ionization 

facilitates the analysis of volatile compounds, still, the water vapor and other 

components in the open air could bring high background signals and influence the 

protonation of sample molecules38, 62. 

 

Thereby, we hypothesize that they would improve the classification of wines after 

combination. To our knowledge, the approach of combining MALDI-MS and DART-

MS was first presented in this work, which leads to remarkably enhanced discrimination 
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results. The approach was successfully conducted on 535 wine samples from 8 key 

wine-producing countries with high correct rates, and it was also extended to the 

differentiation of other features, such as vintage years and grape varieties, suggesting 

the feasibility of controlling wine quality in the market. Furthermore, this study 

provided a train of thought to combine multiple mass spectrometry methods to screen 

as many components as possible. 
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1.2 Experimental 

1.2.1 Chemicals  

α-Cyano-4-hydroxycinnamic acid (C CA), 2, 5-Dihydroxybenzoic acid (D B) and 

trifluoroacetic acid (TFA) were from Sigma-Aldrich (St. Louis, USA).  PLC-grade 

acetonitrile (ACN) and methanol were purchased from Anaqua Chemical Supply 

( ouston, USA), and acetone was from Acros Organic (Waltham, USA). 

 

1.2.2 Wine samples 

535 wine samples were kindly provided by Shenzhen Customs, China31, which were 

collected directly from the original countries and were already certified by Customs to 

ensure the authenticity of samples. They were collected from 8 major wine-producing 

countries (America, Australia, Chile, China, France, Italy, Spain and South Africa), with 

vintage years ranging from 1999 to 2014, more than 10 types of grape varieties with a 

considerable number of blended wines, and they were from different brands and 

manufacturers, indicating the complexity of our samples (see Table 1-1 for their detailed 

information). The samples were randomly divided into the calibration set for the 

establishment of OPLS-DA models (nearly 2/3 of total samples) and the validation set 

for external validation of the classification ability of models (nearly 1/3 of total 

samples). Before the analysis, the samples were stored at 4 ℃. 
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Table 1-1. Wine samples collected for this study. 

Country Number Grape cultivar 
 

Vintage year 

America 48 Zinfandel, Merlot, Cabernet Sauvignon, Shiraz, Pinot Nior  2005-2011 

China 43 Cabernet Sauvignon, Cabernet Gernischt  2007-2014 

France 78 Pinot Nior, Cabernet Sauvignon, Merlot, Cabernet Franc, 

Grenache, Cariñena 

 2005-2014 

Italy 57 Cabernet Sauvignon, Shiraz, Merlot, Nero d’ Avola, Rosso, 

Nebbiolo, Barbera 

 2001-2013 

Spain 94 Cabernet Sauvignon, Pinot Nior, Cabernet Sauvignon, Merlot, 

Tempranillo 

 1999-2013 

Australia 109 Pinot Nior, Cabernet Sauvignon, Merlot, Shiraz, Tempranillo  2001-2012 

Chile 58 Cabernet Sauvignon, Merlot, Shiraz, Carménère, Malbec  2006-2012 

South Africa 48 Cabernet Sauvignon, Merlot, Shiraz, Pinotage  2006-2012 
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1.2.3 MALDI-MS Analysis 

The sample preparation method was utilized, including solvents, matrices and their 

concentrations, as well as loading methods. Briefly, a concentration of 20 mg mL-1 

C CA matrix in 75:25 acetone: water (v/v) containing 0.2% TFA was prepared.  

Aliquots of 10 μL wine samples were vacuum dried, to remove water and ethanol that 

were found to negatively influence the uniform crystallization and the signals of 

analytes. the dried samples were then dissolved with 10 μL of 50:50 ACN:  2O for 

further use. The two-layer loading method was applied here: first, aliquots of 0.5 μL 

C CA solution were loaded onto the MTP 384 target plate ground steel BC (Bruker, 

Billerica, USA), forming evenly distributed matrix layers after fast air-dried (Figure 

1-1a). Then aliquots of 0.5 μL dissolved sample solution were dropped onto the matrix 

layer and air-dried before being introduced into the mass spectrometer (Figure 1-1b). 

Each wine sample was prepared with 8 spots.  

 

 

Figure 1-1. The two-layer loading method used in MALDI-MS. 

  

Matrix loading Sample loading

a) b)
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An UltrafleXtreme MALDI-TOF-TOF mass spectrometer (Bruker, Billerica, USA) was 

applied to acquire the spectra (m/z 380-1000) under positive and reflectron mode, with 

a 355 nm smartbeam-II laser. The voltages for the ion source voltage 1 and 2, lens 

voltage, and reflector voltage 1 and 2 were set to 20.00 kV, 17.75 kV, 7.00 kV, 21.10 

kV and 10.85 kV, respectively. The automatic acquisition was applied with a completely 

random walk to analyze hundreds of sample spots rapidly, and both the external and 

internal calibrations were performed using the C CA matrix. For each spectrum, eight 

shots were accumulated with a total of 8000 laser pulses, and a high-signal mass range 

of m/z 400-600 with a resolution higher than 3000 was used for evaluation. MS/MS 

spectra of interest peaks were acquired by the same equipment using the LIFT function. 

The ion source voltage 1 and 2, lens voltage, reflector voltage 1 and 2, and lift 1 and 

lift 2 of the spectrometry were set to 7.50 kV, 6.30 kV, 3.90 kV, 29.50 kV, 19.2 kV and 

3.40 kV, respectively. The flexAnalysis (Bruker, Billerica, USA) was used for 

processing the spectral results, applying centroid peak detection algorithm, signal to 

noise over 4, peak width over 0.2 Da and Top at baseline subtraction. 

 

1.2.4 DART-MS Analysis 

Aliquots of 2 μL wine with 0.2% ammonium acetate were directly spotted onto a clean 

mesh sampling strip without any prior purification or extraction. Each sample was 

loaded with 5 spots, separated by a blank spot (Figure 1-2) to diminish the interferences 

from the nearby spots during the DART-MS analysis.  

 

The calibration was performed with the standard Tuning Mix (Agilent Technologies, 

Santa Clara, USA) before assembling the DART-SVP ion source (IonSense Inc. Saugus, 

MA, USA) to the mass spectrometer. Spectra with a mass range of 100-1000 Da were 



15 

 

acquired under positive mode, with the ion source coupling to quadrupole-time of flight 

mass spectrometer (Agilent Technologies, Santa Clara, USA) by a VAPUR® interface, 

connecting with a membrane pump to maintain low vacuum. Semi-automatic analysis 

of samples was performed using a 1-D transmission module (P/N JCL-2100-A) fixed 

on a holder. To obtain information-rich and intensity-high mass spectra, the settings of 

the system were optimized. The settings for DART ionization included the distance 

between the DART source outlet and the ceramic tube inlet: 9.5 mm, the gap between 

the ceramic tube outlet and the capillary inlet of MS: 2 mm, module moving speed: 2 

mm s-1, helium flow rate: 2 L min-1, gas temperature: 150 ℃; and the settings for mass 

spectrometric detection included gas flow: 3 L min-1, capillary voltage of ESI+: 1000 

V, fragmentor voltage: 200 V. The acquired spectra were processed by Mass unter 

Qualitative Analysis (Agilent Technologies, Santa Clara, USA) with a threshold of 

relative intensity over 2%. Each sample-loaded spot was measured several times, and 

the spectral results of the second measurements, which were found to offer higher 

abundances as well as better reproducibility in the optimization study, were used for the 

data analysis. 

 

 

Figure 1-2. The metal mesh trip with samples loaded for DART-MS analysis. 
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1.2.5 Data analysis 

The procedures for the establishment and optimization of the OPLS-DA models are 

shown in Figure 1-3. For the better utilization of both MALDI-MS and DART-MS, all 

peaks as well as isotopic peaks were taken into account. A total of 611 and 192 variables 

were obtained from the MALDI-MS and DART-MS results, respectively. Automatic 

peak picking from samples was achieved using RStudio Desktop (RStudio, Inc., Boston, 

USA) to form datasheets with variables in columns and samples in rows. Variables from 

the matrix or backgrounds were removed, and the remaining data were normalized by 

dividing the intensity or abundance of each peak by the sum of the total intensity or 

abundance. Replicates were averaged and peaks with more than 50% missing values in 

all groups were excluded., after the removing, the normalization was performed again. 

Finally, 180 and 100 variables were left from MALDI-MS and DART-MS, respectively, 

for further data analysis.  

 

Data pretreatment is an essential issue in multivariate analysis. Different methods can 

be used to maximize the variance of the inter-group variance while minimizing that of 

intra-group, e.g., centering, Pareto scaling, log transformation and power 

transformation63. In this study, all data were subjected to third root power 

transformation as it led to the best results among the transformations tested and mean-

centered to improve the statistical model performances before performing supervised 

OPLS-DA in the software (Simca 16.0; Umetrics, Andover, MA, US).  

 

The discrimination then can be achieved by using multivariate statistical modeling tools. 

Reliable OPLS-DA models based on the calibration set were established, and hundreds 

of wine samples could be simultaneously discriminated in our established models. 
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Several criteria for data screening should be considered. OPLS-DA can reduce 

dimension from a large original data, thereby selecting statistically important variables 

while removing redundant ones. Generally, the fitting ability increases with the number 

of OPLS-DA components, while the predictive ability is not necessary and, in most 

cases, decreases with the number of components after autofitting the software, 

indicating that the model is trying to fit dataset characteristics that are no longer 

representative. Too many components may lead to overfitting of the model, where the 

calibration is good but the prediction accuracy of the validation set is low. So there 

needs a proper predictive and orthogonal components number to balance the fitting and 

predictive abilities.  erein, all models established were estimated based on these two 

rules along with the predicting accuracy results of the testing set, and the optimal one 

was used when the overall correct classification rates of validation samples came up to 

the highest. Outliers may exist due to experimental or other errors, so only samples with 

standard deviations (SDs) between +4 and −4 remained. Though lots of variables were 

obtained, not all of them were important enough to the establishment of the model, and 

variables were selected with variable importance on projection (VIP) values no lower 

than 0.5. The outliers and unimportant variables were excluded to form a new data set 

to obtain models with higher fitting ability, going back to step 2 was then repeated until 

both SDs and VIP values met the criterion.  

 

In the next step, the goodness of fitting ability (R2Y) and the cross-validated predictive 

ability (Q2) were evaluated, which suggests good models when both over 0.5 and 

excellent models when close to 1.064. Besides, a permutation plot with 200 numbers 

was tested to avoid over-fitting of a model. Afterward, the calibration set was qualified 

to review models. 
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Figure 1-3. Outline for establishing and optimizing the OPLS-DA models. 
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For validation of the models, the validation set was qualified to verify the classification 

ability. The validation samples were external samples for these models, as they were 

not involved in the development process. The high correct classification rate of the 

validation set demonstrated the reliability of the models. In addition, it is almost 

impossible or hard to build OPLS-DA models with perfect identification from the 

validation set, the prediction results were thus inspected by measurements of accuracy, 

precision, receiver-operating characteristic (ROC) curve  and area under curve (AUC)65. 

There are four types of prediction results: true positive (𝑇𝑃), true negative (𝑇𝑁), false 

positive (𝐹𝑃 ) and false negative (𝐹𝑁 ). A clear description is shown in Figure 1-4. 

Accordingly, precision and accuracy were calculated as 

Precision =
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (1) 

Accuracy =
𝑇𝑃 + 𝑇𝑁

𝑃 + 𝑁
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (2) 

where 𝑃 is the total positive samples and 𝑁 represents negative ones.  

 

In addition, the false positive rate (FPR) and true positive rate (TPR) expressed as 

FPR =
𝐹𝑃

𝑁
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3) 

TPR =
𝑇𝑃

𝑃
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4) 

 

On this basis, a set of points (FPR, TPR) was used to obtain the ROC curve. The AUC 

indicating the quality of a classified group to distinguish positive samples from negative 

samples is denoted as 

𝐴𝑈𝐶 =  ∫
𝑇𝑃

𝑃
 𝑑

𝐹𝑃

𝑁
=  

1

𝑃𝑁
 ∫ 𝑇𝑃 𝑑𝐹𝑃

𝑁

0

1

0

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5) 
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According to equation 5, the AUC value is 0 ~ 1: less than 0.5 is a random classifier, 

and 1.0 is a perfect classifier. 

 

In the final step, potential characteristic markers were picked out based on VIP value > 

1.2 and p-value < 0.05, which indicated the highest discriminative potentials in the 

OPLS-DA score plot. Characteristic markers were identified based on the MS and 

MS/MS results by referring to the literature or databases66, 67. 

 

 
Figure 1-4. Description of prediction results. 

  

True 

Positive

False 

Positive

False 

Negative

True 

Negative

Positive Negative

P
o
si

ti
v
e

N
eg

at
iv

e

Actual

P
re

d
ic

te
d



21 

 

1.3 Results and discussion 

1.3.1  Rapid authentication of red wine by MALDI-MS 

1.3.1.1 Optimization of sample preparation 

To build a protocol of sample preparation with good quality and reproducibility, several 

parameters needed to be optimized, including the MALDI plate, matrix, organic solvent, 

addition of acid, and loading method. The results after optimization were listed in Table 

1-2, and some important conditions were discussed next. 

 

Table 1-2. Description of the different conditions studied for the implementation of 

wine identification by MALDI-MS. 

Conditions studied Margin Selected 

MALDI plate  384 ground, Anchorchip 384 ground 

Matrix C CA, D B, T AP C CA 

Organic solution for matrix ACN, methanol, acetone Acetone 

Percentage of acetone in water  25%, 50%, 75%, 100% 75% 

Matrix concentration mg/mL 2, 6, 10, Saturated Saturated 

Percentage of TFA 0%, 0.1%, 0.2%, 0.5%, 1.0% 0.2% 

Loading method Dried-drop, two-layer Two-layer 

Ratio of matrix: sample (v:v) 1:1, 1:2, 1:3, 2:1, 3:1 1: 1 
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More than 86% of the composition of red wine is water, which cannot be detected using 

MALDI-MS because it evaporates before analysis.  owever, its presence largely 

affects the analysis of other components, which are present in very low concentrations 

in wine. In addition, water evaporates much slower than organic solvents, negatively 

affecting crystallization formation on the MALDI plate. To mitigate the influence, we 

tried to vacuum-dry the wine samples first to remove water and then re-dissolve the 

sample with 50% ACN. This led to improved crystallization and a better signal.  

 

The selection of matrix plays an important role, which depends on the characteristics 

of the analytes. There are no universal rules in this regard, so experiments are conducted 

to enhance the signal. Three matrixes, namely C CA, D B and T AP, were tested. 

When using T AP as the matrix, low intensity was observed and only a few peaks were 

detected. When using D B as the matrix, nearly no signals over 400 Da were observed. 

Even below 400 Da, compound ions that are well reported were not observed. On the 

other hand, C CA exhibited significant matrix suppression effects but provided the 

highest intensity.  undreds of peaks were detected between 400 Da and 1000 Da. As 

for the concentration, no significant changes were observed, therefore, the easily 

prepared saturated C CA solution was applied. 

 

The method of loading the analyte onto the MALDI plate can vary depending on the 

properties of the sample, its interaction with the matrix, and the type of plate used. 

Typically, there are three methods: dried-droplet, two-layer and direct sample loading. 

The dried-droplet technique, where the sample is mixed with a matrix and dropped to 

the MALDI plate for co-crystallization, is the most widely used. The two-layer method 

is a modification of the first one, where the matrix is first loaded onto the plate and then 
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the sample solution is added onto the dried matrix layer. Based on this, the sandwich 

method has been further developed, where the sample is applied between two dried 

matrix layers. The direct sample loading method is typically applied to samples that can 

absorb the energy from the UV-laser directly without the assistance of a matrix. 

 owever, this method is not suitable for wine samples. In this study, both the dried-

droplet method and the two-layer method were tried to find the optimal approach. It 

was found that the dried-droplet method caused uneven co-crystallization and thus the 

existence of the “sweet spot”, where signals could only be found in these specific spots. 

This resulted in poor reproducibility (Figure 1-5). In contrast, the two-layer method, 

with evenly distributed layers of both the C CA and the sample, enabled better 

crystallization, resulting in better reproducibility (Figure 1-6). 

 

The choice of solvent to dissolve the matrix was another important issue, as the 

evaporation of the solvent would impact the crystallization outcome.  erein, three 

different types of organic solvents were tested. It was observed that acetone evaporated 

the fastest, leading to an extremely even layer of C CA matrix. Specifically, three 

replicates of the same wine sample showed the most similar spectral results when 

C CA was dissolved in acetone, compared to ethanol and methanol (Figure 1-7). 
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Figure 1-5. Three replicates of spectra using the dried-droplet method. 

 

 
Figure 1-6. Three replicates of spectra using the two-layer method. 
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Figure 1-7. Spectra of a wine obtained by MALDI-MS using C CA dissolved in a-c) 

ethanol, d-f) methanol and g-i) acetone. 
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1.3.1.2 Automatic data acquisition 

Our previous research has demonstrated that MALDI-MS analysis can achieve 

automatic data acquisition with high-quality spectra for blended oils, comparable to 

manually obtained spectra. It indicates that manual acquisition can be replaced by the 

automatic mode, increasing efficiency and enabling high-throughput sample analysis. 

Automatic data acquisition was also applicable to this study: for each sample spot, it 

only took 30s, and even for 8 replicates, only 4 min was required. With a MALDI plate 

containing 384 spots, the detection time for hundreds of wine samples is significantly 

reduced. As shown in Figure 1-8, 8 spectra acquired from the sample using the 

automatic modes showed extremely identical profiles. Precision calculations using 

peaks of high and low relative intensity demonstrated high reproducibility, with the 

relative standard deviation (RSD) below 15% (Table 1-3), further highlighting the 

advantage of MALDI-MS for the rapid analysis of red wine. 
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Figure 1-8. 8 spectra of a wine sample obtained by MALDI-MS under automatic 

acquisition mode. 
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Table 1-3. The precision of some peaks from a wine sample obtained by MALDI-MS 

under automatic acquisition mode. 

m/z Relative intensity (%) RSD (%) 

399 4.38±0.46 10.5 

448 2.97±0.29 9.8 

477 3.26±0.26 7.9 

493 5.30±0.63 11.9 

581 0.60±0.06 10.3 

609 8.77±0.69 7.8 

610 2.58±0.21 8.2 

625 3.28±0.20 6.2 

651 0.87±0.06 6.6 

720 1.10±0.16 14.9 

755 0.75±0.08 10.7 
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1.3.1.3 Spectral results from MALDI-MS 

Applications of MALDI-MS in wine differentiation are mainly focused on target 

compounds, mostly anthocyanins. We try to propose an untargeted protocol, taking full 

advantage of wine information to evaluate hundreds of complicated samples. Figure 

1-9 shows a representative spectrum of a sample from France obtained by MALDI-MS. 

Notably, the mass range below 380 Da was excluded because the strong signal from the 

C CA matrix, especially the peak at m/z 379, would result in a significant reduction in 

the relative intensity of the sample ions. The most intensive peaks such as m/z 447, 493, 

609, 625, 720 and 755 could be observed in almost all samples, which were commonly 

reported anthocyanins and their derived pigments that are associated with wine color68, 

69. Anthocyanin composition has been proven to be an important factor for the 

classification of wines in terms of their regions, grape varieties and even wine-making 

methods70. Accordingly, 20 compound ions tentatively identified by MALDI-MS/MS 

were summarized in Table 1-4. Taking a peak at m/z 609 as an example, it was 

preliminarily identified as malvidin-3-O-glucoside-4-vinyl phenol as the neutral loss of 

glucoside (162 Da) and the remaining fragment ion 447 Da that corresponded to the 

malvidin residue (Figure 1-10a). Similarly, 625 Da was identified as peonidin-3-O-

caffeoylglucoide by losing a glucoside (162 Da) and remaining the peonidin residue 

(Figure 1-10b). 
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Figure 1-9. A representative spectrum of a sample from France obtained 

by MALDI-MS. 

 

 
Figure 1-10. The MALDI-MS/MS result of the peak of 609 Da and 625 Da. 
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Table 1-4. Analytes in the red wine that were tentatively identified by MALDI-

MS/MS. 

Detected 

mass (Da) 

Major fragment 

ions (Da) Analytes 

449 303 Astilbin  

493 331 Malvidin-3-glucoside 

531 369 Peonidin-3-glucoside-pyruvic acid 

561 399 Vitisin A 

581 419 Delphinidin-3-glucoside-4-vinyphenol adduct 

595 287 Cyanidin-3-glucoside-coumarate 

603 399 Malvidin-3-(6-O-acetylglucoside)-pyruvate 

609 447 Malvidin-3-O-glucoside-4-vinyl-phenol 

611 449 Cyanidin-3,5-O-diglucoside 

625 463 Peonidin-3-O-caffeoylglucoside 

627 465 Delphinidin-3,5-O-diglucoside 

651 477 Acetyl-pigment A 

667 463 Acetyl-pinotin A 

707 399 p-Coumaroyl-vitisin A 

720 493, 531 Malvidin procyanidins 

755 477 Pigment B 

771 463 Coumaroyl-pinotin A 

787 625 Petunidin-3-(6-O-p-coumaroyl),5-O-diglucoside 

805 643, 491 Malvidin-3-glucose-4-vinyl-catechin 

951 643 Malvidin-3-p-cumaroylglucoside-4-vinyl-catechin 
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1.3.1.4 Establishment of OPLS-DA models for the discrimination of wine origins 

It is widely recognized that proof of origin is a critical issue for food authentication, not 

to say for valuable red wine.  owever, most studies were confined to priced wines from 

the Old World, such as Italy, France and Spain. With the development of wines in the 

New World (America, Chile, China, Australia and South Africa), origin authentication 

of global wine including more key wine-producing regions has become necessary. 

Therefore, the main objective of this study is to develop a method for rapid 

differentiation of 535 wines from 8 key wine-producing countries using MALDI-MS. 

Comparing the MALDI-MS spectra of 8 countries, differences could be observed in 

Figure 1-11, which can be further amplified by OPLS-DA, bringing about significant 

distinguishment of samples from eight countries. 

 

As a comparison, a PCA plot was first applied to classify wines from 8 countries. As 

shown in Figure 1-12, All samples after chemotherapy were overlapping in PCA, and 

even with multiple optimizations, they still could not be apart from each other, whereas 

samples from the same countries tended to cluster closely, which can be distinctly 

grouped with OPLS-DA. 

 

Initially, an OPLS-DA model was performed to interpret two-thirds of the samples as 

the calibration set based on the MALDI-MS results. OPLS-DA can identify the 

variables with the greatest discriminatory power and is suitable for recognizing 

differences between groups. In the OPLS-DA plots, the horizontal direction will catch 

variations between groups, and the differences between the groups will locate them to 

the left and right sides, respectively, while the vertical direction will catch variations 

within groups. As shown in Figure 1-13a, samples were grouped into eight clusters 
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according to countries, with some overlap observed in the center, the relative 3D score 

curves of the model in Figure 1-13b and Figure 1-13c showed more details. It should 

be noted that wines were collected in a way that covered a wide variety of regions, 

vintages, grape varieties and manufacturers, all of which are known to influence the 

wine compositions. The complexity of the samples would narrow the differences 

between groups, making the spectral results similar and difficult to distinguish. 

 owever, an interesting trend in the scattering plot was that northern hemisphere 

countries (green circle) cluster to the left side and southern hemisphere countries (blue 

circle) cluster to the right side, suggesting that the difference between the two 

hemispheres was more pronounced than that between the eight countries. The opposite 

climate change might account for this, as the ripeness period of grapes is April to 

October and October to April in the northern hemisphere and southern hemisphere, 

respectively. The growth of grapes largely relies on climatic conditions, e.g., 

temperature, rainfall and solar radiation, which can critically impact grape ripeness and 

consequently the quality of wine71. In this way, the separation of two hemispheres 

would be the first step. 

 

When OPLS-DA was applied to characterize countries within the two hemispheres, 

those from the southern hemisphere were well separated. As for the northern 

hemisphere, three European countries (Spain, Italy and France, red circle) were 

distinguished from America and China (Figure 1-13d). Since interactions between 

physical and biological environments lead to unique characteristics of a region, the 

climate has a remarkable impact on grape types and overall wine styles71, 72. These three 

European countries are located close to each other, which are more likely to share a 

similar climate that contributes to similar wine styles.  
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Figure 1-11. The spectra of 8 countries obtained from MALDI-MS. 
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Figure 1-12. PCA plot of the wine samples for differentiation of eight countries. 

 

 

Figure 1-13. OPLS-DA classification of the wine samples for differentiation of a) eight 

countries, the relative 3D score curves of the model b) the front and c) the back, and d) 

OPLS-DA for countries from the northern hemisphere based on the MALDI-MS results. 
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In this case, wine classification could be accomplished step by step. As discussed above, 

the differences between the two hemispheres were found to be more significant than 

those among eight countries, and thus model M1 was first established to separate the 

two hemispheres. Two other models (M2 and M3) were carried out to discriminate 

countries in the northern hemisphere and southern hemisphere, respectively, with Spain, 

Italy and France as a whole (labeled as Europe). Model M4 was ultimately conducted 

to distinguish three European countries.  

 

Optimal four OPLS-DA models were subsequently generated, and the separations were 

significantly improved. It was found that two hemispheres were located at two different 

sides of the x-axial, with some spots overlapped near zero (Figure 1-14a). In Figure 

1-14b and Figure 1-14c, South Africa lied on the upper side of the plot, and Chile and 

Australia were separated along the t[1] axis, which were located at the negative and 

positive sides, respectively. Europe, America and China showed similar trends, with 

Europe at the center left of the plot, China at the right and America at the upper side. 

Three European countries were subsequently distributed in Figure 1-14d, where along 

the t[1] axis direction, Spain on the left side could be separated from another two on the 

right side, furthermore, France and Italy were separated in the t[2] direction. 
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Figure 1-14. OPLS-DA classification of the wine samples for differentiating a) the two 

hemispheres, b) countries from the southern hemisphere, c) countries from the northern 

hemisphere with Spain, Italy and France as a whole (Europe), and d) three European 

countries based on the MALDI-MS results. 
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1.3.1.5 Review and validation of the established OPLS-DA models 

To review four models, both the fitting ability and predictive ability were displayed in 

Table 1-5. Notably, the R2Y values were all larger than 0.78 but lower than 0.87, and 

the Q2 values were between 0.66 and 0.75, suggesting that they were good but not 

excellent models. The good results of the permutation plot with 200 numbers further 

indicated that there was no overfitting (Figure 1-15), as all Q2 values (left) were lower 

than the original points (right), and the regression line for Q2 points intersected the left 

vertical axis at zero or below.  

 

The classification results of the calibration set were shown in Table 1-6, where the 

general correct rates of M1-M1 were 96.61%, 100%, 100% and 99.3%, respectively. In 

more detail, using the aforementioned four OPLS-DA models, the correct classification 

rates were as high as 100% for 7 countries and 98.4% for Spain, illustrating the good 

establishment of the models.  

 

The established models were then applied to classify the external validation samples. 

The general correct rates of the validation set were shown in Table 1-6, respectively. 

The prediction results of 7 countries were over 81.3%, with Spain and South Africa 

displaying the highest two at 90.3% and 88.2% respectively. The exception was the 

samples from Italy, for which the model gave 68.4% discrimination accuracy merely, 

and this was consistent with the previous study31. It can be observed from Table 1-7 that 

the mis-assigned samples (25 out of 95) were primarily grouped to Spain, suggesting 

that there might be some similarities between the wines from two countries, and studies 

have shown that they had similar contents of titratable acidity and proportions of 

volatile compounds73, 74.  
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As illustrated in Figure 1-16, the ROC of four models all made an upward bend with 

TPR>FPR, which indicated AUC values were over 0.5. The precision, accuracy and 

area AUC values were then calculated to evaluate the four OPLS-DA models for 

distinguishing the wine samples (Table 1-8). Precisions ranging from 68.4% to 92.9%, 

accuracies of all above 85.9%, and AUC values of all exceeding 0.796 and even up to 

1.000 were obtained, proving the practicality of the established OPLS-DA models. 

Overall, the wine samples from different counties could be discriminated well using the 

method of MALDI-MS coupled with OPLS-DA.  

 

 
Figure 1-15. Permutation plots with 200 numbers for M1-M4. 
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Table 1-5. The statistical parameters of OPLS-DA models obtained by MALDI-MS. 

Technique Models R2Y(cum) Q2(cum) 

MALDI-MS 

M1 0.78 0.69 

M2 0.87 0.73 

M3 0.86 0.75 

M4 0.86 0.66 

 

 

Table 1-6. The overall correct classification rates (%) of the 

OPLS-DA models by MALDI-MS. 

 Calibration Validation 

M1 96.9 91.2 

M2 100.0 86.3 

M3 100.0 90.7 

M4 99.3 82.1 

America 100.0 81.3 

China 100.0 85.7 

France 100.0 82.1 

Italy 100.0 68.4 

Spain 98.4 90.3 

Australia 100.0 86.5 

Chile 100.0 84.2 

South Africa 100.0 88.2 
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Table 1-7. The classification results of the validation set using M1-M4. 

Countries No. France Italy Spain Australia Chile South Africa America China Europe 

France 28 23 0 5 / / / / / / 

Italy 19 4 13 2 / / / / / / 

Spain 31 2 1 28 / / / / / / 

Australia 37 / / / 32 1 4 / / / 

Chile 19 / / / 3 16 0 / / / 

South Africa 17 / / / 2 0 15 / / / 

America 16 / / / / / / 13 2 1 

China 14 / / / / / / 1 12 1 

Europe 78 / / / / / / 5 0 73 
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Figure 1-16. Description of receiver operator characteristic (ROC) curve of M1-M4. 

 

 

Table 1-8. Summary of the predictive quality acquired by the four OPLS-DA models 

by MALDI-MS. 

Country Precision Accuracy AUC 

America 68.4% 91.7% 0.973 

China 85.7% 96.3% 0.968 

France 79.3% 85.9% 0.850 

Italy 92.9% 91.0% 0.772 

Spain 80.0% 87.2% 0.872 

Australia 86.5% 86.3% 0.796 

Chile 94.1% 94.5% 0.809 

South Africa 78.9% 91.8% 0.883 

  

a) b)

c) d)
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1.3.2 Rapid authentication of red wine by DART-MS 

1.3.2.1 Optimization of sample preparation and semi-automatic data acquisition 

The preparation of the samples was very straightforward as DART-MS is capable of 

directly detecting the samples.  ere, we only treated wine samples by adding 2% 

ammonium acetate to enhance the signal. Although DART-MS is not as efficient as 

MALDI-MS in terms of high throughput and automaticity, the 1-D transmission module 

loaded with a mesh sampling trip allowed for semi-automatic data acquisition. The 5 

replicates were analyzed at a time, taking less than 3 min. Various parameters, including 

working gas type, gas flow and temperature, sampling speed, matrix effect, dopant 

selection, sampling method and the distance between ion source outlet and mass 

spectrometer inlet, etc, play a crucial role in DART-MS, some of these parameters 

would be discussed later. 

 

The gas temperature has an impact on the thermal desorption process of the analyte 

from the sample surface and its ionization. Experimental findings reveal that increasing 

the gas temperature can enhance the ionization ability of excited helium atoms and the 

thermal desorption rate of the sample75, but at the same time, it is necessary to avoid 

thermal decomposition of the analyte. As displayed in Figure 1-17, a range from 50 ℃ 

to 300 ℃ was investigated with increments of 50 ℃. The results demonstrate that as 

gas temperature increased, the abundance initially increased and then decreased. 

Significantly different spectral results were obtained at temperatures above 250 ℃, 

mainly due to the decomposition of the analyte. Although the highest abundance 

occurred at 100 ℃, the relative abundance of other peaks was higher at 150 ℃, which 

was selected in this study. 
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Figure 1-17. Spectra obtained from DART-MS under different gas temperatures. 
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A common method used for sampling with DART involves mounting a module, for 

example, a stainless-steel screen, onto a software-controlled rail. This rail sweeps 

through the desorption/ionization zone, causing the analyte on the sample surface to be 

thermally desorbed and ionized. The resulting ions enter the mass spectrometer. The 

speed of the rail is typically controlled between 0.2-10 mm/s76. Generally, a slower 

moving speed allows for more exposure to the ionizing reagent, increasing the 

likelihood of the analyte colliding with the reagent and improving ionization and 

detection.  owever, excessively slow speeds can be time-consuming. To balance 

efficiency and speed, a rate of 2 mm s-1 was employed. 

 

Dopants are volatile additives that are often introduced to form a relatively durable 

microenvironment and provide sufficient ionizing reagents to further ionize or form 

adducts with the analyte to improve the detection signal. Ammonium is the most applied 

one to form adducts of [M+N 4]
+. As illustrated in Figure 1-18, spectra obtained with 

or without ammonium were obviously different. The introduction of ammonia resulted 

in significantly improved overall abundance and more detected ions. 
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Figure 1-18. Spectra of a wine sample obtained from DART-MS a) without 

and b) with ammonium acetate added. 

 

Whereas, the repeatability of DART-MS is another crucial concern, as samples are 

exposed to open air, where water vapor around the ion source can cause high 

background signals and influence the protonated molecules. 5 replicates of the same 

sample presented dramatical variation, besides, blank intervals also showed signals 

from previous loading spots, indicating residual influence. To improve the repeatability, 

the metal mesh was run multiple times. The spectral results of the second measurements, 

which were found to offer higher abundances as well as better reproducibility with the 

optimization study, were used for the data analysis. It could be observed that 5 replicates 

became highly similar (not shown) and fewer sample signals were shown in the spectra 

of blank intervals. Though some volatile compounds may be excluded in the second 

run, the results could be more reliable in data analysis.  ence, two runs were carried 

out for each sample. 

a)

b)

m/z



47 

 

1.3.2.2 Spectral results from DART-MS 

DART-MS has been employed in qualitatively detecting specific compounds or residual 

pesticides in wine47, but its applications in authentication of wine based on non-targeted 

analysis have received little attention, particularly at a large scale. A typical spectrum 

acquired by DART-MS is shown in Figure 1-19. Although a mass range of 100-1000 

Da was scanned, nearly no signals were observed over 420 Da, which was in 

concordance with a previous study77. The commonly observed peaks may be related to 

volatile compounds that contribute to the wine sensory, which are also parameters for 

grouping wines78. 

 

 

Figure 1-19. A representative spectrum of a sample from France obtained by DART-MS. 
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1.3.2.3 Establishment of OPLS-DA models for the discrimination of wine origins 

The procedures of building 4 optimal OPLS-DA models were applied to the DART-MS 

results as well, and very similar clustering trends could be observed (Figure 1-20). 

Except for D4, where the separations of France and Italy were swapped, indicating the 

different predominant variances from MALDI-MS and DART-MS. Slight separation 

along the vertical direction was observed in Figure 1-20a, which might be caused by 

the differences in sample collection, storage and analysis.  owever, this intra-group 

difference was much smaller than the inter-group difference and did not affect the 

discrimination results. Compared with MALDI-MS, worse R2Y and Q2 values were 

obtained by D1, D2 and D3, but better ones were provided by D4 (Table 1-9). The 

permutation plot with 200 numbers was also measured with good results (Figure 1-21). 

When the calibration set was classified by the established models, correct classification 

rates of 78.1%-100% were obtained by DART-MS (Table 1-10), generally lower than 

those using MALDI-MS. As for the validation group, the correct classification rates 

were from 64.5% to 100%, with higher ones for the America, France and Italy samples, 

and lower ones for China, Spain, Australia, Chile and South Africa samples, as 

compared to the MALDI-MS results. The lowest one was from Spain, and the 

misassigned samples (15 out of 155) were mainly classified as Italian samples (Table 

1-11) further proving our assumption that wines from Spain and Italy are much identical. 

 

Similarly, the ROC of four models as well as other measurements were measured 

(Figure 1-22, Table 1-12), to evaluate the performance of DA-D4, with 53.6%-100% 

for precisions, 76.6%-100% for accuracies, and over 0.572 for AUC values. As 

indicated, there were significant differences between the results obtained by M1-M4 

and D1-D4. 
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Figure 1-20. OPLS-DA classification of the wine samples for differentiating a) the two 

hemispheres, b) countries from the southern hemisphere, c) countries from the northern 

hemisphere with Spain, Italy and France as a whole (Europe), and d) three European 

countries based on the DART-MS results. 

 

 

Figure 1-21. Permutation plots with 200 numbers for D1-D4. 

a) b)

c) d)

a) b)

c) d)
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Table 1-9. The statistical parameters of OPLS-DA models obtained by DART-MS. 

Technique Models R2Y(cum) Q2(cum) 

DART-MS 

D1 0.57 0.38 

D2 0.76 0.64 

D3 0.71 0.55 

D4 0.89 0.73 

 

Table 1-10. The overall correct classification rates (%) of the 

OPLS-DA models by DART-MS. 

 Calibration Validation 

D1   86.7   70.7 

D2   96.5   74.0 

D3   95.8   89.8 

D4   99.3   83.5 

America   78.1   87.5 

China 100.0   71.4 

France 100.0 100.0 

Italy   95.0   84.2 

Spain 100.0   64.5 

Australia 100.0   75.7 

Chile   94.9   79.0 

South Africa   90.3   64.7 
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Table 1-11. The classification results of the validation set using D1-D4. 

Countries No. France Italy Spain Australia Chile South Africa America China Europe 

France 28 28 0 0 / / / / / / 

Italy 19 0 16 3 / / / / / / 

Spain 31 3 8 20 / / / / / / 

Australia 37 / / / 32 1 4 / / / 

Chile 19 / / / 3 16 0 / / / 

South Africa 17 / / / 2 0 15 / / / 

America 16 / / / / / / 13 2 1 

China 14 / / / / / / 1 12 1 

Europe 78 / / / / / / 5 0 73 
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Figure 1-22. Description of receiver operator characteristic (ROC) curve of D1-D4. 

 

Table 1-12. Summary of the predictive quality acquired by the four OPLS-DA models 

by DART-MS. 

Country Precision Accuracy AUC 

America 77.8% 94.4% 0.920 

China 90.9% 95.4% 0.977 

France 90.3% 96.2% 0.998 

Italy 66.7% 85.9% 0.914 

Spain 89.0% 82.1% 0.889 

Australia 100.0% 87.7% 0.671 

Chile 53.6% 76.7% 0.611 

South Africa 64.7% 83.6% 0.572 

  

a) b)

c) d)
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1.3.3 Rapid authentication of red wine by MALDI-MS combined with DART-

MS 

The above results showed that both MALDI-MS and DART-MS were individually 

applicable in distinguishing original countries of wine on a large and complex scale, 

yielding barely satisfactory prediction results, underscoring that compounds in wine 

have a specific relationship with origin. But neither of them was robust enough for 

unambiguous differentiation of all the countries studied. As mentioned above, MALDI-

MS and DART-MS have different ionization mechanisms and favor different types of 

molecules. MALDI-MS underlined a mass range from 380 Da to 1000 Da in this study, 

mainly for the detection of anthocyanins and their metabolites, beneficial for 

characterizing two hemispheres and southern hemispheric countries, but it has 

limitations in analyzing smaller compounds because of the interferences from the 

matrix ions. The major mass range of DART-MS is 100-420 Da in this study, and most 

of the detected compounds were volatiles, showing advantages in determining Northern 

 emispheric countries. These indicated the complementary roles of these two analytical 

techniques in the mass range and detectable compounds for the analysis, suggesting that 

combining their spectral results in data analysis to screen a wider range of wine 

compound ions (m/z 100-1000) might be a way to improve the classification results.  

 

1.3.3.1 Data analysis 

The use of different techniques for determining different wine features28, 31 and a 

combination of NMR and differential sensing array datasets for differentiation of 

grapevines79 have been reported.  owever, combining different MS techniques to 

distinguish complex wine samples on a large scale has received little attention. A study 

combining LC-MS and GC-MS to detect non-volatile and volatile components 
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respectively was developed to distinguish bourbon whiskeys, proving the feasibility of 

combining two different MS techniques80.  owever, traditionally used LC-MS and GC-

MS are time-consuming and labor-intensive. We hypothesize that the direct MS, 

MALDI-MS and DART-MS, can perform as powerful alternatives. 

 

An approach of combining spectral results from MALDI-MS and DART-MS for wine 

analysis was for the first time proposed in this study. As described in Figure 1-23, in 

this approach, the calibration dataset from MALDI-MS was integrated with the 

calibration dataset from DART-MS with equal contribution to form a new combined 

dataset and then followed the procedures from step 2 to step 7 in Figure 1-3 for the data 

analysis. As the intensities of the MALDI-MS spectra did not match with the 

abundances of the DART-MS spectra, in step 2, the data treatment was conducted within 

each dataset rather than normalizing them as a whole. 
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Figure 1-23. Scheme of combining spectra results from MALDI-MS and DART-MS. 

MALDI-MS
m/z 380 - 1000

DART-MS

m/z 100 - 420
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MALDI-M

+    DART-M

180 Variable
Mainly anthocyanin 

and their derived pigment
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Mainly phenolic acid

280 Variable

m/z 100 - 1000
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1.3.3.2 The improved performance of the OPLS-DA models after the combination 

The performance of the OPLS-DA models after the combination was superior to those 

of the individual ones as shown in Figure 1-24. The trend of separation was just the 

same as described above, but each group had a clearer cluster and less dispersion. 

Compared with those with the single techniques, significant increases in both R2Y and 

Q2 values were obtained by the current four models up to 0.95 (Table 1-13, MD1-MD4), 

implying the reliability and better differentiating ability of the models, which were 

further verified by the results of the permutation plot with 200 numbers (Figure 1-25). 

The calibration set was then employed to review the new models. Notably, the correct 

classification rates in all countries reached 100.0% (Table 1-14), which was remarkably 

higher than those obtained by MALDI-MS or DART-MS alone.  

 

The prediction abilities of the established models on external samples were confirmed 

by the validation set, and the results showed that the validated samples were well 

matched with the calibration ones as the correct classification rates were typically 

higher than 90%, with 100% for China and France. The exception was still the samples 

from Italy, and 6 of 19 samples were misassigned to Spain (Table 1-15), consistent with 

the previous results. As listed in Table 1-16, better outputs of the precision, accuracy 

and area under curve (AUC, Figure 1-26) values were achieved using the newly built 

four OPLS-DA models, with 82.4% to 100% of Precisions, all above 88.5% of 

accuracies, and all exceeding 0.86 of AUC values, illustrating the feasibility of these 

established models. These results demonstrated that combining the spectral results of 

the two complimentary techniques, MALDI-MS and DART-MS, enabled improved 

results for the differentiation of the wine samples from different countries. For an 

unknown sample, MD1 can be applied first to determine the hemisphere, and MD2 or 
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MD3 then for the determination of countries. If it is from European countries, MD4 can 

be further employed. 

 

 
Figure 1-24. OPLS-DA classification of the wine samples for differentiating the two 

hemispheres, countries from the southern hemisphere, countries from the northern 

hemisphere with Spain, Italy and France as a whole (Europe), and three European 

countries based on the MALDI-MS+DART-MS results (a-d). 

 

 

Figure 1-25. Permutation plots with 200 numbers for MD1-MD4. 

  

a) b)

c) d)

a) b)

c) d)
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Table 1-13. The statistical parameters of OPLS-DA models obtained by MALDI-

MS+DART-MS. 

Technique Models R2Y(cum) Q2(cum) 

MALDI-MS 

+DART-MS 

MD1 0.84 0.70 

MD2 0.95 0.83 

MD3 0.89 0.77 

MD4 0.92 0.84 

 

 

Table 1-14. The overall correct classification rates (%) of the OPLS-

DA models by MALDI-MS+DART-MS. 

 Calibration Validation 

MD1   98.3   89.0 

MD2 100.0   93.2 

MD3 100.0   96.3 

MD4 100.0   88.5 

America 100.0   93.8 

China 100.0 100.0 

France 100.0 100.0 

Italy 100.0   68.4 

Spain 100.0   90.3 

Australia 100.0   91.9 

Chile 100.0   94.7 

South Africa 100.0   94.1 
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Table 1-15. The classification results of the validation set using MD1-MD4. 

Countries No. France Italy Spain Australia Chile South Africa America China Europe 

France 28 28 0 0 / / / / / / 

Italy 19 0 13 6 / / / / / / 

Spain 31 2 1 28 / / / / / / 

Australia 37 / / / 32 1 4 / / / 

Chile 19 / / / 3 16 0 / / / 

South Africa 17 / / / 2 0 15 / / / 

America 16 / / / / / / 13 2 1 

China 14 / / / / / / 1 12 1 

Europe 78 / / / / / / 5 0 73 
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Figure 1-26. Description of receiver operator characteristic (ROC) curve of MD1-

MD4. 

 

Table 1-16. Summary of the predictive quality acquired by MD1-MD4. 

Country Precision Accuracy AUC 

America 83.3% 96.3% 0.980 

China 93.3% 99.1% 0.990 

France 93.3% 97.4% 0.995 

Italy 92.9% 91.0% 0.945 

Spain 82.4% 88.5% 0.961 

Australia 97.1% 94.5% 0.862 

Chile 90.0% 95.9% 0.923 

South Africa 88.9% 95.9% 0.967 

 

  

a) b)

c) d)
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1.3.3.3 Potential characteristic markers of the eight countries 

Different compositions in red wine have been proven to be related to their origins81, 82. 

Therefore, it is important to find out the characteristic markers that have the greatest 

impact on country discrimination. As shown in Table 1-17, a total of 26 marker ions 

were selected by applying VIP value > 1.2 together with p value < 0.05. The majority 

of these marker ions were of too low intensities for conducting MS/MS, and the 

identities of some marker ions were tentatively assigned based on their mass-to-charge 

ratios and relevant literature (Table 1-18). These assigned compounds were typically 

phenols and volatiles, which are most involved in the wine sensory evaluation. The 

remaining unknown ones might be metabolites and secondary metabolites produced 

during fermentation and storage. When looking into the relative intensities/abundances, 

it was found that some markers were country-characteristic, such as m/z 144 was higher 

in Chinese wines, and m/z 116 was significantly lower in Australia wines compared 

with that in Chile and South Africa. The relative abundances of ions m/z 110 and m/z 

194 for France wines were almost twice as high as for Italy and Spain wines. These 

may provide an easy and improved method for wine authentication for future studies, 

the identification of which needs to be done with improved intensity. 

 

Table 1-17. Potential wine marker ions obtained by MALDI-MS+DART-MS coupled 

with OPLS-DA models. 

Model 
Marker ions (Da) 

(VIP value > 1.2, p value < 0.05) 

MD2 352.3, 414, 446, 447, 448, 581, 609, 610, 625, 626, 867 

MD3 458, 606, 720, 721, 722, 773, 896 

MD4 129, 159, 194, 202, 219, 250, 256, 280 
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Table 1-18. Potential markers that were tentatively assigned. 

Detected 

mass (Da) 
Markers Remark 

194  Phenylacetylglycine [M + H]+ (DART-MS) 

219 Tyrosol 4-sulfate [M + H]+ (DART-MS) 

250 Vanillin 4-sulfate [M + NH4]+ (DART-MS) 

280 Dihydrocaffeic acid 3-sulfate [M + NH4]+ (DART-MS) 

446 Fragment ion of derivatized resveratrol  [M]+(MALDI-MS) 

447 Fragment ion of anthocyanins [M]+(MALDI-MS) 

448 Kaempferol-3-O-glucoside [M]+(MALDI-MS) 

581 Delphinidin 3-glucoside 4-vinyphenol adduct [M]+(MALDI-MS) 

609 Malvidin 3-O-glucoside 4-vinyl phenol [M]+(MALDI-MS) 

610 Quercetin-3-O-rutinoside [M]+(MALDI-MS) 

625 Peonidin-3-O-caffeoylglucoside [M]+(MALDI-MS) 

720 Malvidin procyanidins [M]+(MALDI-MS) 

722 Fumonisins B
1
  [M]+(MALDI-MS) 

867 Procyanidin C1 [M]+(MALDI-MS) 

773 Delphinidin-3-glucoside-coumarate-5-glucoside [M]+(MALDI-MS) 
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1.3.3.4 OPLS-DA models for every two countries 

From three series of models, an interesting observation is that when the number of 

countries interpreted in one model decreased, R2Y, Q2 and classification rates got higher, 

signifying that supervised OPLS-DA might perform better for the discrimination of 

fewer classes. It is more difficult to separate larger groups as different grape varieties, 

vintages and brands introduced complex within-group variations that complicated the 

analysis. Compared to previous studies that focused on simple samples or small groups, 

one of the major advantages of this study is that multiple classes of wines could be 

distinguished. In addition to the previously mentioned 4 models, we also attempted to 

build another 28 OPLS-DA models for every two countries (Figure 1-27), and it was 

found to allow enhanced differentiation as compared to those containing more than two 

countries. As shown in Table 1-19, every two countries were well distinguished with 

higher R2 and Q2 values. Among them, 19 models showed excellent correct 

classification rates of over 95.0% for the validation sets, with 12 models exhibiting 

100%, which was better than that using 4 models. Furthermore, the classification of 

Italian samples also gained significant improvement with total correct classification 

rates varying from 90.9% to 100% when discriminated with other countries (Table 1-19, 

Models 3, 9, 14, 20, 21 and 22). Still, it was 84% when distinguished from Spain (Figure 

1-27, Model 19), further suggesting that the wine samples from these two countries 

were similar.  owever, testing an unknown sample using 28 models one by one is 

incredibly time-consuming. Consequently, as the overall predictive ability is 

remarkable enough, 4 models are still applied in this study. These 28 models can be 

used as a complement to figure out confusing samples or to rapidly determine whether 

a sample belongs to country A or country B. 
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Figure 1-27. OPLS-DA classification of wines for every two countries by MALDI-

MS+DART-MS. 
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Table 1-19. Performance of the 28 OPLS-DA models for discrimination of every two 

countries. 

Model R2Y(cum) Q2(cum) Correct (%) 

1 0.97  0.93   93.3  
2 0.96  0.83  100.0  
3 0.97  0.93   94.3  
4 0.96  0.87   95.7  
5 0.95  0.77   94.3  
6 0.95  0.82  100.0  
7 0.92  0.79  100.0  
8 1.00  0.96  100.0  
9 0.97  0.94   90.9  
10 1.00  0.90  100.0  
11 0.98  0.95  100.0  
12 0.98  0.93   93.9  
13 1.00  0.94  100.0  
14 1.00  0.95  100.0  
15 1.00  0.96   94.9  
16 0.96  0.86   96.9  
17 0.96  0.87   95.7  
18 1.00  0.96  100.0  
19 0.96  0.84   86.0  
20 0.98  0.92  100.0  
21 0.96  0.91   94.7  
22 0.96  0.86   97.2  
23 0.98  0.88   94.1  
24 0.93  0.85   98.0  
25 0.97  0.86  100.0  
26 0.98  0.91   98.2  
27 0.99  0.84   96.3  
28 0.98  0.90  100.0  
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1.3.3.5 OPLS-DA models for other features 

Origin, vintage year and grape variety are known to affect the flavor of a wine. Since 

the country is a dominant feature for the wine samples collected in this study, the 

distinction among countries is easier to achieve. The vintage year holds significant 

significance for both wine enthusiasts and investors. It serves as a fundamental 

benchmark for determining the quality and attributes of a wine. Various meteorological 

elements during a particular year contribute to the distinct characteristics of wines. It is 

widely acknowledged that wines produced in specific years can possess exceptional 

value, as favorable weather conditions result in a distinctive flavor profile for red wines. 

Additionally, wines may also gain prestige when the yield for a particular year is low. 

 

To demonstrate the further potential of our approach, we also tried to distinguish the 

vintages. The vintages of the collected wines spanned a wide range, from 1999 to 2014, 

while sample numbers for most years were insufficient for the collected samples. Since 

larger vintage differences allowed better differentiation83, in this study, instead of 

grouping by specific years, we roughly divided samples into three groups according to 

their aging time: the young group (vintage year after 2010), the aged group (vintage 

year between 2008-2010) and the old group (vintage year before 2008). Supervised 

OPLS-DA models were performed to characterize three groups within each country. 

Though clear separation between the young group and the old group showed the 

potential of the method for the distinction, their overlapping with the aged group was 

observed (Figure 1-28), indicating that close vintages were difficult to discriminate. 

Therefore, the aged group was temporarily excluded, and the OPLS-DA models were 

built based on the young group and the old group. As shown in Figure 1-29, it could be 

discovered that the two groups exhibited good separation in most countries, with R2 and 
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Q2 values over 0.5 and even close to 1.0 (Table 1-22), while the Spain samples showed 

exceptionally low performance, which needs further investigation, and not enough 

samples of the old group from Chile were obtained for the investigation. The correct 

classification rates of America, Australia, China, France, Italy and South Africa all 

reached 100%, and 81.4% of Spanish samples were correctly classified (Table 1-21), 

illustrating the approach was also applicable to the differentiation of wine years. 

 

 
Figure 1-28. OPLS-DA classification of three different vintage groups. 
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Figure 1-29. OPLS-DA classification of the young group and the old group from 

different countries. 
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Table 1-20. Performance of the OPLS-DA models for discrimination of vintage years. 

Feature 

 

America Australia China Spain France Italy Chile South Africa 

Vintage year 

R2Y(cum) 0.91 0.99 0.90  0.55 1.00 0.95 NA 1.00 

Q2(cum) 0.51 0.88  0.51  0.16 0.77 0.53 NA 0.51 

 

Table 1-21. The overall correct classification rates (%) of the young group and the old 

group from different countries using the combined OPLS-DA models. 

Country Correct (%) 

America 100.0 

Australia 100.0 

China 100.0 

France 100.0 

Italy 100.0 

South Africa 100.0 

Spain 81.4 
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Discriminating the grape variety of the wine samples was also attempted by our 

combined approach. The main grape varieties in this study are Cabernet Sauvignon, 

Shiraz, Tempranillo, Merlot, Pinot Nior, Carménère, Pinotage and Zinfandel, and other 

varieties were removed as the numbers were insufficient for multivariate statistical 

analysis. When all data sets were taken into account, no clear discrimination of wines 

was observed. Subsequently, three OPLS-DA models were constructed according to the 

trend of each variety clustered in the scattering plot, which showed distinct clustering 

(Figure 1-30). The correct classification rates of the 8 varieties ranged from 82.8%-100% 

for the calibration set, with an average rate as good as 91.8% (Table 1-23), and more 

validation samples are needed to further verify the three models. These preliminary 

results demonstrate the ability of the approach to distinguish vintages and grape 

varieties, which, however, still needs further validation with unknown samples. 

Improved performance can be also expected with a larger number of representative 

samples for each variety or each year, and more investigations can be explored to 

develop classification models that cover all the features, and even for the identification 

of diluted, adulterated and mislabeling wines. 

 

 
Figure 1-30. OPLS-DA classification of grape varieties from a) Cabernet Sauvignon, 

Shiraz and Tempranillo, b) Zinfandel and Merlot and c) Pinot Nior, Carménère and 

Pinotage. 
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Table 1-22. Performance of the OPLS-DA models for discrimination of grape varieties. 

Feature  Cabernet Sauvignon, 

Shiraz and Tempranillo 

Zinfandel and 

Merlot 

Pinot Nior, Carménère 

and Pinotage 

Grape variety 

R2Y(cum) 0.63 0.69 0.79 

Q2(cum) 0.52 0.46 0.62 

 

Table 1-23. The correct classification rates (%) of grape varieties using the combined OPLS-DA models. 

Variety Correct (%) 

Cabernet Sauvignon 93.2 

Shiraz 85.3 

Tempranillo 82.8 

Pinot Nior 94.1 

Carménère 100.0 

Pinotage 100.0 

Zinfandel 88.9 

Merlot 100.0 

Overall 91.8 
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1.4 Conclusions 

Authentication of commercial wine is significantly important, due to the economic and 

cultural values. In this study, 535 red wines with large variations were collected and 

investigated with MALDI-MS and DART-MS, two direct mass spectrometry methods 

which require no chromatographic separation. With minimal sample preparation, 

hundreds of wine samples could be analyzed within hours. Both MALDI-MS and 

DART-MS were proven to be applicable in the discrimination of wine from different 

origins, in coupling with OPLS-DA.  owever, none of them could achieve the perfect 

classification, showing advantages and disadvantages in classifying different countries. 

MALDI-MS worked better for hemispheres and northern countries, while DART-MS 

worked better for southern countries and European countries.  

 

Interestingly, the two techniques were found to work complementarily for wine analysis, 

with MALDI-MS mainly for the detection of anthocyanin-related analytes and DART-

MS for volatile compounds, due to their different ionization mechanisms. Their 

combination was utilized for the first time in the classification of 535 red wine samples 

from 8 countries. Combining spectral results from MALDI-MS and DART-MS 

expanded the chemical profiles and resulted in better fitting and predictive abilities as 

well as higher correct classification rates, even up to 100% for Chinese and French 

wines. A total of 26 potential characteristic markers were tentatively selected and some 

of them were tentatively identified. The approach was also attempted to distinguish 
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other features such as vintage years and grape varieties, with satisfactory classification 

results. The combined techniques enabled the analysis of different types of compounds 

under different ionization conditions, revealing more comprehensive chemical 

information. The combination of MALDI-MS and DART-MS is typically useful in 

analyzing both volatile and non-volatile compounds. Considering the overall time and 

workload demanded, our approach is profound to be a promising alternative to 

traditional GC-MS or LC-MS methods for wine analysis, because of its simplicity, 

minimal sample preparation, rapid analysis and high throughput. The thought of 

combining different types of mass spectrometric techniques and even other analytical 

techniques can also be extended to other fields for various applications. 
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Chapter 2.  Chiral Recognition of Drugs by Mass 

Spectrometry 

2.1 Introduction 

Chirality is of great significance in various fields, such as mathematics, physics, 

chemistry, and biology. In chemistry, chirality refers to the property of a pair of 

molecules that are mirror images but non-superimposable on each other, like our left 

and right hands. These molecules possess at least one asymmetric center that is bonded 

to four different substituents. In most cases, carbon is typically the center, although 

sulfur, phosphorus, and nitrogen can also serve as the center84-86. The two mirror images 

are known as enantiomers or optical isomers, and they exhibit different optical activities 

when polarized light passes through them due to their different spatial arrangements. 

Many compounds that are important for life, such as amino acids, proteins, enzymes, 

nucleosides and a great number of alkaloids and hormones, are chiral87. The two 

enantiomers share similar physical and chemical properties, making it extremely 

challenging to differentiate them.  owever, molecules containing multiple chiral 

centers, referred to as diastereomers, can differ more in their physical and chemical 

properties, which allows for the separation of enantiomers through the introduction of 

chiral selectors. 

 

Nowadays, chirality has significant implications in plants and animals, as well as in the 

pharmaceutical industry, and the important role of chiral drug separation has been 
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strengthened. In academic research, scientists have been recognized with the Nobel 

Prize for developing asymmetric chiral catalysts to produce specific enantiomer 

chemicals or drugs88. It is estimated that over 80% of the drugs on the market are chiral 

compounds, and 60% of new drugs approved by the U.S. Food and Drug Administration 

(FDA) in 2015 were chiral drugs89. As required by the FDA, both enantiomers of new 

drug candidates must undergo biological testing, making the development of optically 

pure chiral drugs a significant concern. Even though asymmetric synthetic methods 

have been elaborated for the synthesis of chiral drugs90-92, these methods can lead to 

enantiomeric impurities as achieving 100% enantioselectivity is challenging. Therefore, 

great emphasis has been put on chiral analysis and discrimination. 

 

Though two enantiomers share the same chemical formula, and very similar physical 

and chemical properties, each enantiomer might differ in biological activity, mechanism, 

and toxicity when interacting with chiral environments. There are three cases to 

consider. The first one is that one of the enantiomers is biologically active, and the other 

is not or is less active. Typically, its substituent functional groups interact with the 

appropriate binding points of the receptor, inducing advantageous biological effects. In 

contrast, the inactive enantiomer, due to the different spatial order of the substituent 

functional groups, cannot bind to the receptor in the same way87. Sometimes, this 

inactive enantiomer may bind to unintended receptors, resulting in toxicity in the body93, 

94. The second case is that the two enantiomers have the same activity and 
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pharmacodynamics, such as cyclophosphamide and fluoxetine87. The final case is when 

one enantiomer is biologically active and the other one can be converted in vivo to its 

biologically active enantiomer by chiral inversion95. What really needs to be 

investigated is the first situation. 

 

L-Dopa is significant for treating Parkinson's disease, however, D-Dopa shows grave 

toxicity towards agranulocytosis96. Angiotensin II receptor antagonist valsartan is 

employed as a single S-enantiomer, as it has significantly higher activity97. The R-

isomer is more potent and less toxic than its S-antipode. Verapamil acts as a modulator 

for multidrug resistance in cancer therapy. It has been found to be cardiotoxic, with the 

R-verapamil showing less toxicity than the S-verapamil98. Tetramisole is a medication 

used to treat parasitic worm infections, but its d-isomer has great side effects and is no 

longer used in medicine. Only the (+)-isomer of ascorbic acid (vitamin C) displays 

redox activity, while its enantiomer is inactive99. In pharmaceutical research, it is an 

important issue to produce or select a useful enantiomer. 

 

2.1.1  Current techniques for the chiral recognition of drug 

Well-established advantageous technologies have been developed rapidly, involving 

chiral high-performance liquid chromatography ( PLC)100, 101, chiral GC102, 103, X-ray 

crystallography, supercritical fluid chromatography (SFC)104, 105, nuclear magnetic 

resonance (NMR) spectroscopy106, 107, and capillary electrophoresis (CE)108, 109.  
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By applying the chiral stationary phases (CSPs), it is possible to separate two 

enantiomers using  PLC.  owever, there is no single CSPs that is suitable for all 

enantiomers, which means selecting the right column for this process can be a challenge. 

X-ray crystallography requires the formation of single crystals and a larger amount of 

the sample. NMR methods rely on creating diastereomers, which can be identified by 

NMR parameters.  owever, it is limited to compounds with suitable functional groups 

for derivatization. GC methods allow for direct separation of chiral compounds due to 

their different chemical and physical properties. SFC is increasingly utilized for 

separating chiral pharmaceuticals. CE, on the other hand, uses chiral selectors (CSs) for 

separation.  owever, the potential interference from nonvolatile chiral selectors needs 

to be considered. 

 

In addition to the aforementioned techniques, MS is a powerful analytical technique 

that has been applied in various fields, and it has the advantages of high sensitivity, 

specificity and speed. Generally, it can be divided into two major groups: one involves 

coupling with other techniques, such as SFC,  PLC, or CE, significantly enhancing the 

capability to analyze complex samples110-112; the other involves direct MS by forming 

diastereomeric complexes.  

 

2.1.2 Differentiation of chiral drugs by tandem mass spectrometry 

Our previous study has demonstrated the feasibility of MS/MS in the discrimination of 
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chiral drugs, such as R- and S-Naproxen113. The MS/MS method will be used in this 

study. The two enantiomers show similar chemical and physical properties, making it 

difficult to distinguish them using MS alone, as chiral compounds produce similar 

spectra.  owever, by introducing another chiral compound as a chiral selector, 

diastereomers with two or more chiral centers can be formed (Figure 2-1). These 

diastereomeric complexes can have different stability and activation energy barriers, 

resulting in distinct thermodynamic and kinetic differences. These differences can be 

magnified or observed by performing MS/MS under collision induced dissociation 

(CID), and the enantiomers can be distinguished based on the different fragmentation 

patterns of their diastereomeric complexes. Figure 2-2 shows an example of R/S-

naproxen, which could not be differentiated by MS directly.  owever, after introducing 

histidine (L- is) as the chiral selector, the formed diastereomers (L- is+R-naproxen 

and L- is+S-naproxen) resulted in different MS/MS spectral patterns, where the 

intensity ratio of the product ion (m/z 388.97) to the precursor ion (m/z 663.06) obtained 

from L- is+R-naproxen was higher than that from L- is+S-naproxen. 

 

The interactions between analytes and chiral selectors can be either covalent or non-

covalent. Covalent interactions are typically stronger and non-reversible, requiring 

complex chemical reactions. Non-covalent interactions114, varying from weak to strong, 

aremore commonly applied. In many cases, metal ions are introduced to enhance the 

interactions. The chiral recognition process involves the formation of complexes 
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between the enantiomers and chiral selectors, either with or without metal ions. These 

complexes can form dimers, trimers, tetramers, or even octamers with multiple chiral 

centers115. By using MS/MS, the two complexes can produce different spectral patterns 

under the same CID value, allowing for measurement using chiral recognition methods. 

 

 
Figure 2-1. Difference between enantiomers and diastereomers. 

 

 

Figure 2-2. The CID spectra of [(Cu(II))2(R/S-naproxen)(L - is)2−3 ]
+.113  
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2.1.3 Chiral recognition methods 

There are two major methods for chiral recognition: the kinetic method (KM) and the 

chiral-recognition method (CR). The KM, pioneered by Cooks and Kruger116 has been 

extensively applied in the differentiation of enantiomers such as amino acids and 

monosaccharides, quantified using Rchiral. The further the Rchiral value deviates from 

unity, the more effective the chiral differentiation. Yao et al.117 in 1999 developed the 

CR method for chiral discrimination of 19 amino acids. Unlike using intensity ratios of 

product ions to product ions in KM, the CR method uses the intensity ratios between 

product ions and precursor ions. It is particularly suitable when merely one product ion 

is obtained with high intensity, where KM analysis is not applicable. Both methods 

yield reliable and reproducible results for chiral recognition and have been successfully 

employed in the investigation of various chiral compounds. In this study, the CR 

method was employed as in most cases, only one product ion was produced. 

 

2.1.4 Chiral drugs 

In this chapter, chiral recognition of four chiral drugs, ofloxacin, clopidogrel, 

omeprazole and bupivacaine were investigated.  

 

Ofloxacin is an antibacterial drug with a broad antibacterial spectrum. The double-

stranded DNA of bacteria would uncoil into a single-stranded structure during the 

replication and transcription process; ofloxacin then works as a specific inhibitor of 

DNA gyrase by binding to the subunit of the enzyme, which makes bacteria unable to 

replicate or synthesize proteins118. Such binding may even alter the compliance of the 

gyrase, causing bacterial cell death. The structure of ofloxacin contains a tricyclic ring 

with a carboxyl group and an asymmetric carbon at the C-3 position (Figure 2-3) that 
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enables the chirality of ofloxacin. Previous studies have proven that the S-enantiomer 

is 8 to 128 times more potent than the R-enantiomer, and the use of the S-enantiomer is 

preferred119. 

 

Clopidogrel is a well-marketed drug with an annual worldwide sale of 9.43 billion US 

dollars in 2010120, and the demand is increasing. It is a potent antithrombotic and 

antiplatelet agent. Clopidogrel acts as an adenosine diphosphate receptor antagonist to 

inhibit platelet aggregation. The structure of clopidogrel contains a thienopyridine and 

an O-chlorobenzyl group (Figure 2-4). The chirality is induced by the carbon that is 

connected to a methoxycarbonyl group. Only the S-enantiomer shows antithrombotic 

activity, while the R‐enantiomer does not, and high doses of R‐enantiomer can cause 

convulsions in animals121.  

 

Omeprazole is one of the most frequently used proton-pump inhibitors that effectively 

and persistently reduces the production of gastric acid. Its mechanism involves binding 

to  +, K+-ATPase, and irreversibly blocking the enzyme system of gastric parietal cells. 

The structure of omeprazole is depicted in Figure 2-5, the sulfur of which contains three 

types of coordination and therefore results in two S/R-enantiomers. Extensive research 

has demonstrated that the S-enantiomer (ESZ) is far more effective than the R-

enantiomer and the racemate in therapeutic efficacy, as it is less metabolized and minor 

oxidized in the metabolic pathway122. ESZ has already received FDA approval and was 

introduced to the market in 2001123, showing great potential for various applications. 

Though omeprazole is currently used as the racemate and as the ESZ in the market, it 

is essential to develop a rapid and efficient analytical method for the separation and 

discrimination of these two enantiomers, as well as for assessing and checking their 
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enantiomeric purity. 

 

Bupivacaine is a long-acting local anesthetic that is used for obstetric analgesia and 

epidurals to reduce sensation in specific areas. It is commonly combined with 

epinephrine to prevent systemic absorption and prolong the duration of action124. 

Bupivacaine is a piperidine carboxamide, and the chirality is induced by the carbon on 

piperidine connected to the carboxamide (Figure 2-6). Though the drug is marketed as 

a racemic mixture, the pharmacokinetics of two enantiomers differ when binding to 

plasma and proteins. The R-bupivacaine is proven to cause increased central nervous 

system and cardiovascular toxicity, however, the S-enantiomer is more active and less 

toxic. Clinical studies showed that increasing the ratio of S-bupivacaine in the mixture 

would result in increased safety of the drug125.  

 

Various methods including  PLC126, 127, electrochemical detection128, CE129, 130, SFC131 

and thin layer chromatography (TLC)132 have been developed for chiral analysis of 

chiral drugs. In this study, chiral analysis by direct MS/MS was herein applied. The 

main advantages of using MS/MS are easy sample preparation, no separation or 

extraction required, lots of diastereomeric complexes can be observed and thus 

dissociated due to the high sensitivity of MS, rapid sample detection once the best 

diastereomeric complex is found, low consumption of samples and low cost as no 

columns, reference standards or ionic liquids are involved. To perform MS/MS, ion trap 

mass spectrometry (IT-MS) was employed due its to numerous following-advantages: 

high ion capacity and sensitivity; mass-selected ions can be accumulated over time; 

MSn is allowed to determine ion structures; ions with extremely low abundances in full 

MS can also be selected and isolated for MS/MS; and dissociation channels, which are 
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mild to complex ions, start from the lowest activation energy.  

 

  
Figure 2-3. The chemical structure of R/S-ofloxacin. 

 

  
Figure 2-4. The chemical structure of R/S-clopidogrel. 

 

 

Figure 2-5．The chemical structure of R/S-omeprazole. 

 

 
Figure 2-6. The chemical structure of R/S-bupivacaine. 

R-ofloxacin S-ofloxacin (Levofloxacin)

* *
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2.2 Experimental  

2.2.1  Chemicals 

Methanol ( PLC grade) was purchased from Anaqua Chemical Supply ( ouston, 

USA). Milli-Q water was produced from a Milli-Q water purification system (Millipore, 

Bedford, USA). R- and S-ofloxacin were from Cayman (Michigan, USA) and Sigma-

Aldrich (St. Louis, USA), respectively. R/S-clopidogrel were obtained from the 

National Institutes for Food and Drug Control (Beijing, China). R- and S-omeprazole 

were prepared from racemate by DAICEL (Shanghai, China). R- and S-bupivacaine 

were purchased from Macklin (Shanghai, China) and Toronto Research Chemicals 

(Toronto, Canada), respectively. L-Amino acids (proline, tyrosine, phenylalanine, and 

lysine) and metal salts (nickel(II) chloride, cobalt(II) chloride, and lithium chloride 

anhydrous) were purchased from Macklin (Shanghai, China). L-Amino acids 

(tryptophan, histidine, glutamic acid, and aspartic acid), metal salts of zinc(II) bromide 

and copper(II) nitrate, and α/β/γ-cyclodextrins were obtained from Sigma-Aldrich (St. 

Louis, USA).  

 

2.2.2 Sample preparation 

The workflow of the experiment was described in Figure 2-7, chiral drugs, selectors 

and metal salts were dissolved in methanol or 50% methanol in water at a concentration 

of 500 μM. Before analysis, the above stock solutions were mixed and diluted with 50% 

methanol in water to a certain concentration. The obtained solutions were then injected 

directly into the IT-MS at a certain rate through a syringe pump to perform MS/MS or 

even MSn.  
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2.2.3 Mass spectrometry 

MS/MS or MSn experiments were performed under the positive ion mode using the 

amaZon speed ESI-ion trap-ETD mass spectrometer (Bruker, Billerica, USA). The 

ESI+ conditions were optimized in terms of capillary voltage, dry gas temperature, gas 

pressure, gas flow rate, and infusion rate: capillary voltage, 4500 V; dry gas temperature, 

200 ℃; gas pressure, 3 psi; gas flow rate, 4 L min-1; and infusion rate, 6 μL min-1. Gas-

phase complex ions were generated by electrospraying. Ion fragmentation was 

performed and CID values varied, depending on the relative intensity of product ions 

to the precursor ion. All spectral data were collected for 1 minute and averaged, and 

each sample solution was detected three times to obtain an average value. The 

identification of complex ions was achieved by checking the monoisotopic mass, 

isotopic patterns, charge states and spectral results. Compact DataAnalysis software 

(Bruker, Billerica, USA) was used for processing row data. 

 

 

Figure 2-7. The workflow of the experiment. 
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2.3 Results and discussion 

2.3.1 Chiral recognition of ofloxacin 

Figure 2-8a showed the full MS spectrum of ofloxacin without the addition of chiral 

selectors. The highest intensity of protonated monomers ([M+ ]+, m/z 362.2, M 

represented the analyte) was observed, and to some extent, it suppresses the signal from 

any other peaks present in the spectrum. When the mass range starting from 400 Da 

was selected, more peaks became observable, such as protonated ions [2M+ ]+ at m/z 

723.4 (Figure 2-8b), indicating the existence of dimers. No sodium adduct or potassium 

adduct ions were observed. Even though some peaks were too low in intensity to be 

observed in MS, when they were isolated, the accumulation function of IT-MS would 

lead to improved intensity for detection. 

 

Figure 2-9a and Figure 2-9b showed the MS/MS spectra of [M+ ]+. A loss of 44 Da 

was observed for both diastereomeric complexes, possibly attributed to the loss of CO2 

from the precursor. The MS/MS spectra of protonated dimers [2M+ ]+ were shown in 

Figure 2-9c and Figure 2-9d, and a loss of an analyte was observed to form [M+ ]+. 

Though clear product ions were obtained for both [M+ ]+ and [2M+ ]+, there is nearly 

no difference in fragmentation patterns of the two diastereomers, indicating the similar 

bindings within the ions. The two enantiomers could not be differentiated directly by 

MS, therefore, the addition of chiral selectors was required.  
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Figure 2-8. MS spectra of ofloxacin with mass ranges of a) m/z 20 - 1000 and b) m/z 

400 - 1000. 
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Figure 2-9. The MS/MS spectra of [M+ ]+ (a and b), and [M+ ]+ (c and d) without 

any chiral selectors. The product ions of m/z 318.2 and m/z 362.2 were identified as 

[M−CO2+ ]
+ and  [M+ ]+, respectively.   
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2.3.2 Optimization of the experimental conditions 

To improve the chiral differentiation of ofloxacin, a range of chiral selectors were 

utilized, among which amino acids (AAs) and cyclodextrins showed stronger binding 

affinities than the others. In this study, amino acids (L-type first) were chosen as the 

starting point due to their low cost and ability to form non-covalent interactions at 

groups of amino and carboxylate. Furthermore, the functional groups in its side chain 

might enhance these interactions. Among the twenty common AAs, all except glycine 

are chiral due to the presence of four different groups bonded to the α carbon, making 

them potential chiral selectors toward chiral compounds. This study revealed that AAs 

alone exhibited weaker binding affinities towards ofloxacin compared to metal-amino 

acid complexes, as the inclusion of metal ions facilitated strong coordination 

interactions with both AAs and ofloxacin, thereby enhancing the binding affinity. Metal 

ions were thus introduced into sample solutions. 

 

Cu(II), Zn(II), Ni(II), Co(II) and Li(I), which had been reported as useful in chiral 

analysis, were compared in their ability to interact with ofloxacin, and relevant metal-

bound complex ions that were formed were listed in Table 2-1. Among the metal ions 

tested, copper ions demonstrated the best interaction results. Several complex ions of 

varying sizes were detected when phenylalanine (Phe) was used as the selector, 

including dimers [Cu+CS+M- ]+, trimers [Cu+2CS+M- ]+, [Cu+CS+2M- ]+ and 

[Cu+3M- ]+, and tetramers [Cu+3CS+M- ]+ (CS represented the chiral selector), 

whereas only two or three complexes were observed with the other metal ions. Similar 

results were observed when other AAs were used as CSs. This confirmed the superior 

performance of Cu(II) in the chiral analysis of ofloxacin, which was consistent with the 

results of our previous study for the analysis of naproxen113. Therefore, copper(II) ions 
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were selected for use throughout the entire study.  

 

It was found that the relative intensity of the obtained cluster ions initially increased 

and then decreased as the concentration of Cu(II) increased from 5 μM to 20 μM, with 

the selector concentration being kept constant (results were not shown). The overall 

signal was better when 10 μM of Cu(II) was added. In contrast, the concentration ratio 

between ofloxacin and selectors did not have any significant effect on the results of MS 

and MS/MS for either R- or S-ofloxacin (Figure 2-10), therefore, the concentrations of 

ofloxacin and chiral selectors were fixed at 20 μM. 

 

  
Figure 2-10. MS spectral results obtained with concentration ratios between 

the R/S-ofloxacin and selectors as a-b) 20 μM:20 μM, c-d) 30 μM:20 μM, 

and e-f) 40 μM:20 μM. 
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Table 2-1. Typical metal-bound complex ions observed using different metal ions of Cu(II), Zn(II), 
Ni(II), Co(II), and Li(I) (CS represents the chiral selector and M represents ofloxacin). 

Cu
2+

 Zn
2+

 Ni
2+

 Co
2+

 Li
+
 

[M+CS+Cu− ]
+
 [M+CS+Zn− ]

+
 [M+CS+Ni− ]

+
 [M+CS+Co− ]

+
 [M+CS+Li]

+
 

[M+2CS+Cu− ]
+
 [M+2CS+Zn− ]

+
 [M+2CS+Ni− ]

+
  [M+2CS+Li]

+
 

[M+3CS+Cu− ]
+
 [M+3CS+Zn− ]

+
  [M+3CS+Co− ]

+
  

[2M+CS+Cu− ]
+
    [2M+CS+Li]

+
 

[3M+Cu− ]
+
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Our previous findings have illustrated that the intermolecular forces between the chiral 

selector and the analyte play a crucial role in MS/MS analysis, and similar structures 

between them facilitate the formation of diastereomeric complexes, leading to better 

separation and detection of enantiomers. These findings are also applicable to this study. 

As displayed in Figure 2-13, few complex ions could be observed when lysine (Lys), 

glutamate (Glu) and aspartate (Asp) (their structures shown in Figure 2-11) were used 

as selectors. On the other hand, when AAs with rigid rings were applied, i.e., proline 

(Pro), tryptophan (Trp), tryptophan (Tyr), histidine ( is) and Phe (structures shown in 

Figure 2-12), some typical diastereomeric complex ions containing the analyte and CS 

were observed (Figure 2-14), including dimers [M+CS+Cu− ]+ (m/z 588.3, 627.3 and 

538.3, respectively) and trimers [M+2CS+Cu− ]+ (m/z 949.3, 988.3 and 899.3, 

respectively). A possible explanation for the formation of these complexes could be that 

the rigid tricyclic ring of ofloxacin is crucial for the strong π interactions, and utilizing 

AAs with similar structures can provide extra π interactions to form diastereomeric ions 

with ofloxacin. In addition to the amino and carboxylic groups, the coordination site for 

copper bound is provided by the rigid ring in the chain. Therefore, five amino acids, 

Pro, Trp, Tyr,  is and Phe, were primarily employed. 
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Figure 2-11. Structures of Lys, Glu, and Asp (all L-type). 

 

 

 

 
Figure 2-12. Structures of Pro, Trp, Tyr,  is, and Phe (all L-type). 
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Figure 2-13. MS spectra of ofloxacin with added Cu(II) and chiral selectors of a) Lys, b) Glu and c) Asp. 
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Figure 2-14. MS spectra of ofloxacin with added Cu(II) and chiral selectors of a) Phe, b) Trp and c) Pro. 
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In this study, chiral recognition was examined using MS/MS analysis. The collision 

energy was adjusted to a specific value for each complex ion in order to achieve an 

abundance ratio of the product ion that closely matched that of the precursor ion. To 

ensure the reliability of the results, only stable ions that showed sufficiently high 

intensities under the collision energy were considered. Figure 2-15 showed an example 

with Pro as the CS that copper-bound trimers [M+2Pro+Cu− ]+ (m/z 653.3) were 

dissociated into fragments of [M+Pro+Cu− ]+ (m/z 538.5) and [M+ ]+ (m/z 362.3) by 

losing one and two selectors, respectively. The Cu(II) was dissociated with two CSs, 

and no [M+Cu− ]+ alone was observed. This might help to explain the binding affinity 

of Cu(II) ions towards CSs and ofloxacin. The abundance ratio of these fragments 

clearly distinguished between two diastereomers, as the relative intensity of 

[M+Pro+Cu− ]+ to [M+2Pro+Cu− ]+ obtained with R-ofloxacin was obviously higher 

than that obtained with S-ofloxacin. The stereoselectivity may be caused by the steric 

hindrance of the ofloxacin methyl group, which resulted in stronger π interactions 

between L-Pro and S-ofloxacin. 

 

For another trimeric cluster ions [2M+Pro+Cu− ]+, in addition to the loss of CSs, a 

loss of the analyte was also found, by forming [M+Pro+Cu− ]+ at m/z 538.3 (Figure 

2-16a). The intensity of [M+Pro+Cu− ]+ was much lower than that of [2M+Cu− ]
+, 

suggesting the strong binding of ofloxacin within the complex ions. Interestingly, for 

the dimeric cluster ion [M+Pro+Cu− ]+, the major fragment ion (m/z 494.3) was 

formed by losing CO2 (Figure 2-16b). As no loss of CO2 was obtained in 

[M+2Pro+Cu− ]+, this further confirmed that [M+ ]+ was obtained from 

[M+2Pro+Cu− ]+ by losing two selectors rather than from [M+Pro+Cu− ]+ by losing 

one Pro. In [M+Pro+Cu− ]+, no loss of analytes was observed, which suggested a 
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strong binding within the copper dimeric cluster ions133. According to previous studies, 

loss of CO2 reflected the possible structure of [M+Pro+Cu− ]
+, with at least one 

deprotonated carboxylic group coordinated to Cu(II)134, 135, as proposed in Figure 2-17. 

Compared to the dimeric cluster ions, the bindings within Cu-bound trimeric ions were 

looser, which was also evidenced by the lower collision energy required for 

fragmentation. The coordination sites of the analyte and Pro with Cu(II) within two 

dimeric ions also could be inferred, for [M+2CS+Cu− ]+, there were two coordination 

sites for ofloxacin and one site for each Pro, and for [M+2CS+Cu− ]+, there were two 

coordination sites for one ofloxacin and one site for each of another ofloxacin and Pro. 

These results were also confirmed by other CSs, such as Trp (Figure 2-18).  

 

 

Figure 2-15. MS/MS spectra of R/S-ofloxacin on [M+2CS+Cu− ]+ with Pro as the 

chiral selector. 
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Figure 2-16. MS/MS spectra of ofloxacin on a) [2M+CS+Cu− ]+ and b) 

[M+CS+Cu− ]+ with Pro as the chiral selector. 

 

 

 
Figure 2-17. A possible structure of the dimeric ion [R-ofloxacin+Pro+Cu− ]+. 

 

362.3

451.3

466.3

494.3
538.3

R 538.3-3.d: +MS2(538.3), 0.2-1.2min #7-47

0.00

0.25

0.50

0.75

1.00

1.25
6x10

Intens.

300 350 400 450 500 550 m/z

538.3

784.4

899.4

950.9

R 899.3-2.d: +MS2(899.4), 0.6-1.6min #13-34

0.0

0.2

0.4

0.6

0.8

1.0

4x10

Intens.

300 400 500 600 700 800 900 m/z

[2M+CS+Cu− ]+

[M+CS+Cu−H]+

a)

b)

[2M+Cu− ]+

[M+CS+Cu−H]+

[M+CS+Cu−CO2−H]+

[M+H]+

+ H+



99 

 

 

Figure 2-18. MS/MS spectra of ofloxacin on a) [2M+CS+Cu− ]+, b) [M+2CS+Cu− ]+ 

and c) [M+CS+Cu− ]+ with Trp as the chiral selector. 
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As mentioned in Chapter 1, the chiral recognition results can be measured by two 

methods, one is the KM, and Rchiral of which is calculated by Equation 6: 

 

𝑅𝐶ℎ𝑖𝑟𝑎𝑙 =
[(𝐶𝑢)𝑚(𝑀𝑆)𝑛(𝐶𝑆)𝑍−1 − 𝐻]+/[(𝐶𝑢)𝑚(𝑀𝑆)𝑛−1(𝐶𝑆)𝑍 − 𝐻]+ 

[(𝐶𝑢)𝑚(𝑀𝑅)𝑛(𝐶𝑆)𝑍−1 − 𝐻]+/[(𝐶𝑢)𝑚(𝑀𝑅)𝑛−1(𝐶𝑆)𝑍 − 𝐻]+
 Equation (6) 

and the other is the CR method, the ratio of which is defined as Equation 7:  

 

𝐶𝑅 =
[(𝐶𝑢)𝑚(𝑀𝑅)𝑛(𝐶𝑆)𝑍−1 − 𝐻]+/[(𝐶𝑢)𝑚(𝑀𝑅)𝑛(𝐶𝑆)𝑍 − 𝐻]+ 

[(𝐶𝑢)𝑚(𝑀𝑆)𝑛(𝐶𝑆)𝑍−1 − 𝐻]+/[(𝐶𝑢)𝑚(𝑀𝑆)𝑛(𝐶𝑆)𝑍 − 𝐻]+
 Equation (7) 

where m, n and z are the number of copper ions, the analyte and the chiral selector, 

respectively.  

 

For some diastereomeric ions, there was only one product ion produced in MS/MS, 

therefore, the second method was employed in this study. The magnitude of difference 

from unity plays a crucial role in chiral recognition, as it indicates the degree of chiral 

recognition.  ere, CR > 1+3SD or CR < 1-3SD (SD, standard deviation) were defined 

as the criteria. The CR value larger than 1 indicates that the R-enantiomer-based ion has 

a higher tendency to dissociation. A summary of the results can be found in Table 2-2. 

Overall, when the same selector was utilized, larger complexes generally led to 

improved chiral recognition. [M+2CS+Cu− ]+ tended to have better CR results than 

[M+CS+Cu− ]+ for all selectors.  owever, this observation needs to be further 

explored with higher degrees of assembly. 

 

As exhibited in Table 2-2, chiral selectors Pro and Tyr demonstrated the most significant 

chiral discrimination of ofloxacin. Particularly noteworthy was the enantioselectivity 

achieved when [M+2Pro+Cu− ]+ dissociated into [M+Pro+Cu− ]+ with a CR value of 

1.26±0.04. Pro, lacking long side chains with the carboxyl directly attached to the ring, 
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displayed a more rigid structure than the other four amino acids. It appeared that its CR 

value was higher than 1.0, indicating that the heterochiral cluster ion (R-ofloxacin, L-

Pro) was less stable than the homochiral one (S-ofloxacin, L-Pro) at the same collision 

energy. In contrast, when [M+2Tyr+Cu− ]+ was dissociated into [M+Tyr+Cu− ]+, the 

obtained CR value was 0.85±0.02, which was smaller than 1.00, indicating that the 

heterochiral cluster ion (R-ofloxacin, L-Tyr) was more stable than the homochiral one 

(S-ofloxacin, L-Tyr) at the same collision energy. The different preferences for the 

configurations of selectors and ofloxacin between Pro and Tyr main due to the small 

steric effect of proline. The specificity and strength of the binding interactions between 

the chiral selector and the analyte greatly influenced the fragmentation patterns and can 

be correlated with the stability and selectivity of the complexes formed. The different 

stability of the above complex ions strongly suggested the selectivity of different chiral 

selectors towards ofloxacin. The binding interactions will be further investigated in 

terms of the chemical structures of these formed complex ions.  
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Table 2-2. The CR values of complex ions of ofloxacin and amino acids. 

Chiral selector Precursor ion Product ion CR 

Pro [M+CS+Cu− ]
+
 [M+CS+Cu−CO

2
− ]

+
 1.08±0.04 

 [M+2CS+Cu− ]
+
 [M+CS+Cu− ]

+
 1.26±0.04 

  [M+ ]
+
 1.44±0.13 

 [2M+CS+Cu− ]
+
 [2M+Cu− ]

+
 1.05±0.15 

Trp [M+CS+Cu− ]
+
 [M+CS+Cu−CO

2
− ]

+
 0.97±0.04 

 [M+2CS+Cu− ]
+
 [M+CS+Cu− ]

+
 0.98±0.02 

 [2M+CS+Cu− ]
+
 [2M+Cu− ]

+
 1.07±0.05 

  [M+CS+Cu− ]
+
 1.11±0.09 

Tyr [M+CS+Cu− ]
+
 [M+CS+Cu−CO

2
− ]

+
 1.00±0.03 

 [M+2CS+Cu− ]
+
 [M+CS+Cu− ]

+
 0.85±0.02 

 [2M+CS+Cu− ]
+
 [2M+Cu− ]

+
 1.12±0.01 

Phe [M+CS+Cu− ]
+
 [M+CS+Cu−CO

2
− ]

+
 0.98±0.10 

 [M+2CS+Cu− ]
+
 [M+CS+Cu− ]

+
 0.93±0.02 

 is [M+CS+Cu− ]
+
 [M+CS+Cu−CO

2
− ]

+
 1.02±0.02 

 [2M+CS+Cu− ]
+
 [M+CS+Cu− ]

+
 0.94±0.08 
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In addition to amino acids, three types of cyclodextrins (CDs) were investigated as well. 

Cyclodextrins are cyclic oligosaccharides consisting of multiple glucose units 

connected by α-1,4-linkages. Based on the number of glucose units, there are α/β/γ- 

CDs (6, 7, 8 glucose units respectively, Figure 2-19). This unique structure enables CDs 

to form clathrates with various chiral compounds. CDs are frequently utilized as chiral 

stationary phases involved in  PLC, GC, CE and SFC. In addition to being employed 

in the chiral column, CDs as dependent chiral selectors have also been studied136. In 

this study, when three α/β/γ-CDs were applied as CS, it was observed that α-CD and β-

CD exhibited better detection of cluster ions, all of which were doubly charged (Figure 

2-20). In contrast to amino acids, no addition of copper ions was needed, mainly due to 

the enhanced hydrogen bonds induced by multiple hydroxyl groups. Two complexes 

([M+CS+K+ ]2+ and [2M+CS+K+ ]2+) containing α-cyclodextrin were detected, both 

of which dissociated into [M+ ]+. The potassium ion may be induced by the production 

of the α-CD. Similarly, only one complex of [M+CS+2 ]2+ was observed with β-CD, 

and interestingly, when using γ-CD as the chiral selector, no diastereomers were 

detected. This could potentially be attributed to the fact that ofloxacin was too small in 

size to effectively fit into the large cavity size of γ-CD and the weak hydrogen bindings 

between the selector and analyte. 

 

 owever, as shown in Table 2-3, these three complexes did not result in any discernible 

chiral discrimination, with CR values close to 1.00. These findings collectively revealed 

that CDs might not be effective chiral selectors for achieving enantiomeric 

differentiation of ofloxacin. It was possible that both enantiomers of ofloxacin had 

similar binding affinities with CDs, resulting in no noticeable difference in dissociation. 
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Figure 2-19. The structure of α/β/γ-cyclodextrins. 

 

 

Table 2-3. The CR values of complex ions of ofloxacin and cyclodextrins. 

Chiral selector Precursor ion Product ion CRR/S 

α-cyclodextrin [M+CS+K+ ]2+ [M+ ]+ 1.02±0.03 

  [CS+K]
+
 0.99±0.02 

 [2M+CS+K+ ]2+ [M+ ]+ 1.00±0.03 

  [M+CS+K]
+
 1.04±0.07 

β-cyclodextrin [M+CS+2 ]2+ [M+ ]+ 1.01±0.02 
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Figure 2-20. MS/MS spectra of R-ofloxacin on a) [M+α-CD+K+ ]2+ and b) [2M+α-

CD+K+ ]2+. 
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2.3.3 Quantification of enantiomeric purities of ofloxacin 

The enantiomeric purity of enantiomeric composition is described as enantiomeric 

excess (ee), indicating how the content of one enantiomer is over another enantiomer 

in a mixture. If the fractions of two enantiomers in the mixture are [R] and [S] 

respectively, then the ee is expressed as  

 

𝑒𝑒 =
[𝑅] − [𝑆]

[𝑅] + [𝑆]
 Equation (8) 

 

The [R]/[S] corresponds to the intensity ratio of the CID spectra obtained from two 

diastereomers. It was found that ee has a relationship with r 

1

𝑟 − 𝑟0
= −

𝑐2

𝑏
∙

1

𝑒𝑒
−

𝑐

𝑏
 Equation (9) 

where r is the ratio of the relative abundance of product ion to precursor ion, r0=a+b/c 

(when [R] equals [S]), a, b and c are constants117. 

 

Based on this, quantification of the enantiomeric purity can be achieved by plotting a 

standard calibration curve with 1/(r − r0) versus 1/ee. For the quantitative measurement 

of ofloxacin, a standard calibration curve was established by preparing a series of 

mixtures containing 0%, 20%, 25%, 75%, or 80% R-ofloxacin, then the corresponding 

ee values would be -100, -60, -50, 50 and 60 (Table 2-4). The measurement was carried 

out by dissociating [M+2Pro+Cu− ]+ into [M+Pro+Cu− ]+ by losing one chiral 

selector, as it enabled the most chiral discrimination of ofloxacin according to the 

results mentioned earlier. All measurements were performed in triplicate. As shown in 

Figure 2-21, a satisfactory linear coefficient of 0.9878 was obtained, suggesting the 

reliability of the calibration curve, which could provide a fast quantification of the 
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chirality of unknown ofloxacin. 

 

Table 2-4. Values for Different Enantiomeric Compositions of ofloxacin. 

Solution composition 

(percentage of R in R+S) 

ee of R-ofloxacin r SDr 

0 -100 0.8157 0.0136 

20 -60 0.8295 0.0010 

25 -50 0.8351 0.0022 

75 50 0.8868 0.0060 

80 60 0.8870 0.0041 

 

 

 

 
Figure 2-21. Plot of 1/(r − r0) value as a function of 1/ee. 
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2.3.4 Chiral recognition of clopidogrel 

The structure of clopidogrel contains pyridine and benzyl group (Figure 2-4), 

suggesting that chiral selectors with chiral discrimination towards ofloxacin may also 

be applicable in the differentiating of clopidogrel enantiomers. The above five amino 

acids were applied (Pro, Trp, Tyr,  is and Phe). Compared with ofloxacin, the most 

interesting observation was that clopidogrel generated no or less intensive copper-

containing complexes with Pro. This indicated that clopidogrel might not interact 

strongly with copper-containing complexes formed by Pro. Additionally, when using 

the other four amino acids, trimeric ions [2M+CS+Cu− ]+ were hardly detected, even 

though the structure of clopidogrel was smaller than that of ofloxacin.  owever, 

trimeric cluster ions [M+2CS+Cu− ]+ containing two CSs were still detected. This 

could be attributed to the more dimensional 3D structure of clopidogrel, which 

potentially hinders the formation of larger complexes, particularly the self-assembled 

clopidogrel, as unlike ofloxacin, there was no [2clopidogrel+ ]+ observed (Figure 

2-22). 

 

 
Figure 2-22. MS spectra of R-clopidogrel with mass ranges of a) 150-600 Da and b) 

400-1000 Da. 
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The chiral discrimination induced by clopidogrel was found to be stronger, as 

enantioselectivity was obtained with Trp, Tyr and Phe as the chiral selectors by loss of 

CO2 from [M+CS+Cu− ]
+. Table 2-5 summarizes the recognition results of the four 

types of amino acids. Overall, the heterochiral complex was more stable against 

dissociation than the homochiral complex for all investigated copper-bound dimers. 

The most significant result was obtained with Trp, and both copper-bound dimers and 

trimers were found, leading to distinctive MS/MS spectra between two diastereomers 

(Figure 2-23 and Figure 2-24). An outstanding CR value of 2.16±0.04 was obtained 

with [M+2Trp+Cu− ]+ dissociated into [M+Trp+Cu− ]+. The interactions between 

clopidogrel and L-Trp are mainly coordination bonds with Cu(II), hydrogen bonds 

involving the N  or CO group, and π-π interactions involving the aromatic rings. The 

significant stereoselectivity may be induced by the larger steric effect of the R-

clopidogrel phenyl ring, which led to weaker interactions with L-Trp. Overall, these 

results highlighted the potential for chiral discrimination of clopidogrel.  

 

It is noteworthy that when Trp, Tyr and Phe were utilized as CSs for clopidogrel 

enantiomers, the loss of one or two CSs was found for the trimeric complex ion 

[M+2CS+Cu− ]+, leading to the product ions of [M+CS+Cu− ]+ and [M+ ]+, 

respectively. This suggested that in the precursor structures, clopidogrel was bound 

stronger than the two selectors. In contrast, in addition to the loss of CO2, [M+Cu− ]
+ 

was also observed from [M+CS+Cu− ]+ by losing one chiral selector (Figure 2-25). 

Such a phenomenon did not occur in ofloxacin or previous studies. Even though the 

obtained chiral discrimination was not significant enough, it was still worth discussing 

as it might help to explain the affinity of Cu(II) in complexes137. For example, the loss 

of Tyr from [M+Tyr+Cu− ]+ indicated the higher affinity of clopidogrel towards Cu(II) 
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than Tyr.  owever, ofloxacin had a similar affinity towards Cu(II) to Tyr. These might 

further demonstrate that clopidogrel has a higher affinity towards Cu(II) than ofloxacin.  

 

 

Figure 2-23. MS/MS spectra of R/S-clopidogrel on [M+Trp+Cu− ]+. 

 

 

Figure 2-24. MS/MS spectra of R/S-clopidogrel on [M+2Trp+Cu− ]+ . 
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Figure 2-25. MS/MS spectra of R-clopidogrel on [M+CS+Cu− ]+ by losing one 

chiral selector with a) Tyr and b) Phe as CS. 

 

Table 2-5. The CR values of complex ions of clopidogrel and amino acids. 
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2
− ]

+
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  [M+Cu− ]
+
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+
 [M+CS+Cu− ]

+
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[M+ ]
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2
− ]
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+
 [M+CS+Cu− ]

+
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2
− ]

+
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+
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2
− ]

+
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2.3.5 Chiral recognition of omeprazole 

Different from ofloxacin and clopidogrel, it was found that the addition of Cu(II) is not 

necessary for the formation of complex ions for omeprazole. Some amino acids (L-type) 

that have been widely applied in chiral analysis were chosen as selectors for the 

recognition of R/S-omeprazole, and diastereomers were formed, mostly sodium adduct 

dimers [M+CS+Na]+, potassium adduct dimers [M+CS+K]+ and trimers [M+2CS+K]+. 

As no additional sodium ions or potassium ions were introduced into sample solutions, 

these probably came from the sample itself during the separation process of the 

racemate using chiral  PLC-MS. Figure 2-26 shows the CID spectra of the two dimers 

when Phe was utilized as the CS. Interestingly, loss of a Phe from [M+Phe+Na]+ was 

observed, while for [M+Phe+K]+, only loss of 148 Da was detected, which is neither a 

selector nor an analyte, indicating the intermolecular binding of [M+Phe+K]+ was 

stronger than that of [M+Phe+Na]+. According to the literature138, the lost ion could be 

part of the omeprazole (Figure 2-27), reflecting that coordination sites of omeprazole 

in the complex ion may focus on the remaining part. For [M+2Phe+K]+, loss of a Phe 

or omeprazole was obtained (Figure 2-26c), suggesting the looser binding within 

trimers than that within dimers. In addition to singly charged complex ions, doubly 

charged ions of [2M+CS+Na+ ]2+ were also detected (Figure 2-26d), especially when 

Trp, Phe, Pro and Tyr were employed as CSs, which contain a part of rigid structures. 

 

The chiral recognition of omeprazole was evaluated by the CR value for all detected 

cluster ions for comparison. As shown in Table 2-6, among the chiral selectors that were 

tested, except for Trp, no significant enantioselectivity was obtained for the singly 

charged ions. Only [M+Trp+Na]+ dissociated into [M+Na]+ was found to have chiral 

discrimination (Figure 2-28) with a CR value of 1.26± 0.03. It's worth noting that 
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[M+Trp+Na]+ had loose intermolecular binding, but had larger enantioselectivity 

towards omeprazole enantiomers than the potassium adduct dimers, which might be 

due to the loss of Trp had a greater influence on the spatial structure than the loss of -

C8 8N2O. For the doubly charged complexes, more remarkably enantiomeric 

differences were found with [M+2Phe+K+ ]2+ and [2M+Tyr+K+ ]2+, ranging from 

0.59 to 0.27. 

 

   

Figure 2-26. MS/MS spectra of omeprazole on the complex ions a) [M+Phe+Na]+, b) 

[M+Phe+K]+, c) [M+2Phe+K]+, and d) [2M+Trp+Na+ ]2+. 
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Figure 2-27. The dissociation of omeprazole by loss of 148 Da138. 

 

 

  

Figure 2-28. MS/MS spectra of R/S-omeprazole on [M+Trp+Na]+. 
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Table 2-6. The CR values of complex ions of omeprazole using different amino acids 

as chiral selectors without copper-bound. 

Chiral selector Precursor ion Product ion CR 

Trp [M+CS+Na]
+
 [M+Na]

+
 1.26±0.03 

 [M+CS+K]
+
 [M+CS+K−C

8
 
8
N
2
O]

+
 0.98±0.01 

 [M+2CS+K]
+
 [M+CS+K]

+
 0.97±0.01 

 [2M+CS+Na+ ]
2+

 [CS+ ]
+
 1.16±0.05 

  [2M+Na]
+
 1.06±0.06 

Ala [M+CS+Na]
+
 [M+Na]

+
 1.18±0.08 

 [M+CS+K]
+
 [M+CS+K−C

8
 
8
N
2
O]+ 1.01±0.01 

 [M+2CS+K]
+
 [M+CS+K]

+
 0.95±0.03 

Phe [M+CS+Na]
+
 [M+Na]

+
 0.91±0.11 

 [M+CS+K]
+
 [M+CS+K−C

8
 
8
N
2
O]

+
 0.96±0.02 

 [M+2CS+K]
+
 [M+CS+K]

+
 1.12±0.06 

 [M+2CS+K+ ]
2+

 [M+CS+K]
+
 0.27±0.15 

  [CS+ ]
+
 0.29±0.15 

Pro [M+CS+Na]
+
 [M+Na]

+
 1.04±0.13 

 [M+CS+K]
+
 [M+CS+K−C

8
 
8
N
2
O]

+
 0.98±0.05 

 [M+2CS+K]
+
 [M+CS+K]

+
 0.93±0.05 

 [2M+CS+K+ ]
2+

 [M+CS+K]
+
 0.96±0.12 

  [2M+K+ ]
2+

 0.97±0.11 

Ser [M+CS+Na]
+
 [M+Na]

+
 0.94±0.09 

 [M+CS+K]
+
 [M+CS+K−C

8
 
8
N
2
O]

+
 0.93±0.02 

 [M+2CS+K]
+
 [M+CS+K]

+
 1.06±0.01 

Tyr [2M+CS+K+ ]
2+

 [M+ ]
+
 0.50±0.21 

  [M+CS+K]
+
 0.59±0.17 
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2.3.6 Chiral recognition of bupivacaine 

The structure of bupivacaine differs from the previously mentioned chiral drugs and 

possesses a complex and rigid linear portion. Initial experiments using amino acids or 

cyclodextrins as chiral selectors did not yield any chiral discrimination and it was 

difficult to detect complexes.  owever, an interesting observation was that bupivacaine 

could be clearly distinguished by self-assembly without the addition of any chiral 

selectors. The MS/MS spectral results of [M+ ]+ and self-assembly dimers [2M+ ]+ 

displayed minimal differences between the two diastereomers, as shown in Figure 2-31 

and Figure 2-32, with CR values close to unity.  owever, for the self-assembly trimers 

[3M+ ]+, loss of bupivacaine was observed with distinct differences in the relative 

intensity of the product ion m/z 577.3 (Figure 2-33), resulting in significant chiral 

discrimination of bupivacaine with a CR value of 2.50±0.12. One possible explanation 

of the consequence could be that when the number of assemblies increased, the 

difference in spatial structures between the two diastereomers also increased, which led 

to different dissociation patterns of [3M+ ]+.  

 

In addition, Ieritano, Christian, et al.139 found the phenomenon of protonation-induced 

chirality when investigating verapamil, whereby the tertiary amine was bound to three 

different substituents, and the protonation would induce an extra chiral center at the 

tertiary amine, transferring the enantiomers to diastereomers as illustrated in Figure 

2-29. This additional chiral center induced by protonation allowed for differentiation of 

the enantiomers using ion mobility mass spectrometry, due to the different structures of 

the two diastereomers resulted in different mobility in the gas phase. Similar to 

verapamil, bupivacaine also features a tertiary amine connected to three different 

substituents, and we hypothesized that the protonation of bupivacaine might also 
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generate extra chiral centers. For example, the R-bupivacaine is protonated to form (R, 

R) and (S, S) diastereomers (Figure 2-30). This could potentially facilitate chiral 

discrimination using ion mobility mass spectrometry. Although direct analysis of two 

protonated enantiomers by ion trap mass spectrometry without separation is still not 

possible, the introduction of protonation could offer more chiral centers for complex 

ion formation, for example, four chiral centers for [3M+ ]+, (R, R, R, R) and (R, R, R, 

S), thereby improving chiral recognition.  

 

To validate the hypothesis of larger spatial differences or of the N-protonation induced 

chiral center that led to the differentiation of bupivacaine, further confirmation by using 

IM-MS, standard Gibbs energies, computational model and Gaussian calculation is 

necessary. More compounds showing similar chemical structures with a tertiary amine, 

e.g., ofloxacin and clopidogrel, will be studied to make a systematic study using both 

MS/MS and IM-MS in our future study.  

 

  

Figure 2-29. The protonation of R/S-verapamil at the tertiary amine139. 
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Figure 2-30. The protonation of R/S-bupivacaine at the tertiary amine. 

 

 

 

Figure 2-31. MS/MS spectra of [R/S-bupivacaine+ ]+. 
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Figure 2-32. MS/MS spectra of R/S-clopidogrel on [2M+ ]+. 

 

 

Figure 2-33. MS/MS spectra of R/S-clopidogrel on [3M+ ]+. 
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2.4 Conclusions 

The analysis of chirality in drugs is crucial in pharmaceutical development, and it may 

also help to explain the mechanisms of biological activities of chiral drugs in the 

biological environment. In this chapter, tandem mass spectrometry was employed to 

analyze three drugs by introducing various chiral selectors and metal ions to form 

complexes. Cu(II) showed the best performance as it helped the formation of a wider 

range of diastereomeric ions. The selection of chiral selectors depended on the structure 

of chiral drugs. For ofloxacin, chiral recognition was achieved with Pro and Tyr as 

chiral selectors, and the most significant result was obtained when [M+2Tyr+Cu− ]+ 

was dissociated into [M+Tyr+Cu− ]+ with a CR value of 0.85±0.02. Based on this, a 

standard calibration curve for quantifying enantiomeric purities of ofloxacin was 

established with an excellent linear coefficient of 0.9897. In the case of clopidogrel, 

chiral selectors that resulted in chiral recognition were different from ofloxacin, which 

were Trp, Tyr and Phe. This is mainly due to its more dimensional 3D structure, which 

facilitated π-π stackings and therefore improved chiral analysis. A significant CR value 

of 2.16± 0.04 was obtained when the timers [M+2Trp+Cu− ]+ dissociated into 

[M+Trp+Cu− ]+. For omeprazole, various complexes, including singly charged ions 

and doubly charged ions, were observed even without Cu(II) ions. An outstanding CR 

value of 0.27±0.15 was obtained by dissociating [M+2CS+K+ ]2+ into [M+CS+K]+. 

Bupivacaine exhibited a completely different phenomenon. Without any chiral selectors, 

bupivacaine enantiomers were well discriminated by the self-assembly trimers 

[3M+ ]+ in MS/MS, with a significant CR value of 2.50±0.12. We hypothesized that 

either the larger spatial differences in higher assembly diastereomeric ions or the 

protonation at the tertiary amine inducing an additional chiral center led to the chiral 

analysis of bupivacaine. We will take insights into this in the following study.  
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This work provided a unique insight into the chiral analysis of drugs with different 

structures. The MS/MS approach proved to be effective in differentiating all the tested 

drugs, and the method applied was simple, straightforward and rapid. This MS/MS-

based method can apply to the differentiation of other chiral compounds as well. Further 

confirmation with the help of standard Gibbs energies, computational model and 

Gaussian calculation is necessary to better understand the structure of these complexes. 
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Chapter 3.  A Systematical Study of Chiral Analysis-

Omeprazole as An Example 

3.1 Introduction 

The previous results in Chapter 2 indicated that the chiral recognition of drugs could be 

achieved using our method based on MS/MS. In addition to simply achieving the chiral 

discrimination, a systematical study that can provide general instructions for chiral 

analysis is an important issue. For example, the selection of chiral selectors for different 

types of chiral compounds or a universal kind of selectors that can be applied to most 

chiral compounds. 

 

Omeprazole is a chiral drug with a complex chemical structure that has been rarely 

studied. According to Chapter 2, among the four drugs, more types of diastereomeric 

complexes containing omeprazole could be detected, and the best chiral recognition 

result was obtained as 0.27±0.15.  erein, it was employed as a prime example. To 

conduct a comprehensive investigation into chiral effects and find out general principles, 

we initiated our research with amino acids due to their low cost and various structures 

that are easy to modify. We then explored the use of both single amino acids and 

combinations of two amino acids, as well as peptides, as chiral selectors, with or 

without the addition of copper ions. The chiral environment created by these selectors 

varied, leading to distinct chiral effects in terms of recognition. Peptides, in particular, 

have been little reported as selectors for chiral analysis, and we believe that peptides 

hold immense potential due to their ability to be designed in diverse configurations, 

enabling them to accommodate different types of chiral compounds. The strategy of 

using peptides as chiral selectors was extended to the analysis of other chiral drugs.  
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3.2 Experimental  

3.2.1  Chemicals 

Methanol ( PLC grade) was obtained from Anaqua Chemical Supply ( ouston, USA). 

Milli-Q water was produced from a Milli-Q water purification system (Millipore, 

Bedford, MA, USA). L-Amino acids (proline, tyrosine, threonine, and phenylalanine) 

were purchased from Macklin (Shanghai, China). L-Amino acids (leucine, tryptophan, 

histidine, and alanine), and the metal salt of copper(II) nitrate were purchased from 

Sigma-Aldrich (St. Louis, USA). L-Dipeptides (Pro-Ala, Trp-Ala, Phe-Ala, Glu-Ala, 

 is-Ala, Thr-Ala, Leu-Ala,  is-Ser,  is-Phe, Gly-Phe, Gly-Pro, Gly-Ala, Gly-Glu, 

Gly-Asp and Pro-Gly) were purchased from Sigma-Aldrich (St. Louis, USA). 

 

3.2.2 Sample preparation and mass spectrometry 

This was just the same as described in Chapter 2.  

 

3.3 Results and discussion 

3.3.1 One amino acid without the copper-bound 

This part of the study has been discussed in Chapter 2. Overall, only Trp was found to 

be an ideal chiral selector for the discrimination of omeprazole enantiomers. 

 

3.3.2 One amino acid with the copper-bound 

In the absence of copper ions in the solution, some amino acids have demonstrated 

optimal chiral selectivity for omeprazole. Metal ions, such as Ni(II), Co(II), Mg(II), 

Zn(II) and Cu(II), have been recognized for their great impact on chiral analysis because 

they can enhance interactions within complexes. Given the superior performance of 

Cu(II) compared to other metal ions113, copper ions were also applied in this study for 
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comparison.  

 

When amino acids e.g., Ser and Ala, were used as selectors, no copper-bound 

diastereomers containing the selector and omeprazole were observed.  owever, when 

Trp, Phe and Pro were utilized, some doubly charged copper-bound cluster ions, 

[2M+CS+Cu+Na− ]2+, [2M+2CS+Cu+K− ]2+, [M+2CS+Cu+K− ]2+, and 

[3M+2CS+Cu+K− ]2+ were detected. This could be attributed to the presence of a rigid 

ring in the side chain of these three amino acids. Both Trp and Phe possess aromatic 

rings that can engage in strong π-π stacking interactions with omeprazole. On the other 

hand, Pro and Trp exhibit an imidazole ring and a pyrrolidine loop, which can form 

robust coordination with copper ions, detailed structural information needs to be further 

confirmed.  

 

A typical CID spectrum of these doubly charged copper-containing ions was illustrated 

in Figure 3-1, revealing the loss of various moieties and the generation of multiple 

product ions. These product ions could be used for the evaluation of CR values. As 

displayed in Table 3-1, compared with amino acids without copper-bound, here, 

enantioselectivity was only observed with Trp, and no chiral discrimination was caused 

by Pro or Phe. This further confirmed the outstanding ability of Trp to achieve chiral 

recognition of omeprazole. The most significant finding was the dissociation of 

[2M+2Trp+Cu+K− ]2+, leading to the formation of [M+2Trp+Cu+K−2 ]+, resulting 

in a CR value of 0.41±0.07. It might be due to the complicated spatial arrangement of 

[2M+2Trp+Cu+K− ]2+ so that when the chirality of omeprazole changed, the induced 

chiral effect was substantial enough for the chiral discrimination.  
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Figure 3-1. MS/MS spectra of omeprazole on [2M+2Trp+Cu+K− ]2+. 

 

Table 3-1. The significant CR values of complex ions of omeprazole using different 

amino acids as chiral selectors with copper-bound. 

Chiral selector Precursor ion Product ion CR 

Trp [M+3CS+Cu+K− ]2+ [M+ ]+ 1.11±0.02 

  [3CS+Cu+K−2 ]+ 1.11±0.02 

 [2M+2CS+Cu+K− ]2+ [M+ ]+ 0.46±0.09 

  [M+CS+K]+ 0.60±0.10 

  [M+CS+Cu− ]+ 0.58±0.17 

  [M+2CS+Cu+K−2 ]+ 0.41±0.07 

 [3M+2CS+Cu+K− ]2+ [M+ ]+ 1.21±0.11 

  [2M+2CS+Cu+K−2 ]+ 1.31±0.12 

Phe [2M+CS+Cu+Na− ]2+ [M+ ]+ 1.07±0.13 
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  [M+CS+Cu− ]+ 1.46±0.47 
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3.3.3 Combination of two amino acids as the chiral selectors without copper-

bound 

The selection of chiral selectors towards omeprazole using a single amino acid was very 

limited. Systematical studies involving two amino acids have not been reported, and we 

assumed that combining different kinds of amino acids may create a completely 

different chiral environment, leading to enhanced chiral effects and improved chiral 

discrimination. 

 

In this study, the combination of two amino acids as selectors was initially examined 

without adding any copper ions. As summarized in Table 3-2, three sets of combinations 

of two amino acids were tested, with one amino acid fixed (histidine, alanine, or 

phenylalanine) and the other changed. The selection of the other amino acids includes 

those with linear or rigid side chains. In all combinations, potassium adduct dimers 

[M+CS1+CS2+K]+ could be detected, except for  is+Phe and  is+Tyr (the intensity 

of the cluster ion was low and unstable). When applying the dissociation energy, the 

loss of amino acids rather than omeprazole was obtained, illustrating that omeprazole 

has a stronger binding than the selectors within the cluster. 

 

Notably, when  is was fixed, the loss of another amino acid was always observed 

(Figure 3-2). Even in the case where both amino acids were dissociated, for example, 

when [M+ is+Ser+K]+ was dissociated to [M+ is+K]+ and [M+Ser+K]+, the intensity 

of the latter was much higher (Figure 3-3a). These results indicated that  is was more 

stable against dissociation compared to the other investigated amino acids, which was 

likely attributed to the imidazole ring in the side chain of histidine that provides the 

strong coordination site. On the other hand, when Ala was fixed, the loss of Ala was 
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consistently observed. Similarly, when [M+Ala+Leu+K]+ was dissociated to 

[M+Ala+K]+ and [M+Leu+K]+, the intensity of the former was much higher (Figure 

3-3b), implying that Ala was easier to dissociate than the others.  owever, if fixing Phe, 

the loss of amino acid depended. For example, Ala, Ser, Leu and Pro were lost, but Thr, 

Trp and Tyr were left (Figure 3-4). The results demonstrated different binding affinities 

of two amino acids in the precursor ion. Based on these findings, a possible order of 

binding affinity of amino acids towards omeprazole-containing potassium adduct 

dimers may be derived:  is > Thr/Trp/Tyr > Phe > Ser/Leu/Pro > Ala, which could 

provide a strategy for selecting the combinations of two amino acids as chiral selectors 

in this study. The chiral recognition results were then summarized in Table 3-2, as 

shown, only four combinations of two amino acids resulted in significant discrimination 

of omeprazole:  is+Ala,  is+Leu,  is+Thr and Phe+Trp (highest+lowest, or two 

higher ones). As previously mentioned,  is alone showed no enantioselectivity towards 

omeprazole.  owever, when together with another AA, e.g., Ala, Leu and Thr, chiral 

analysis of omeprazole could be achieved. This is possibly due to the more side chains 

that provide binding sites, as well as the specific chiral environment. The combination 

of two amino acids as chiral selectors demonstrated the possibility for the analysis of 

chiral compounds. 

 

To further investigate the dissociation process, MS3 was performed based on the 

MS/MS consequences (Figure 3-5). Take  is+Ala as an example, the product ion of 

[M+ is+K]+ from [M+ is+Ala+K]+ was isolated and dissociated in the IT-MS, which 

then led to the ion of m/z 391.2 by losing 148Da, consistent with the aforementioned 

results with one amino acid as the CS. A possible explanation could be that after losing 

an amino acid, the rest part of the original trimers would reorganize in structure, so as 
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to be similar to the dimers. A study to have a deep examination will be done in the future. 

 

 
Figure 3-2. MS/MS spectral results of omeprazole on a) [M+ is+Ala+K]+, b) 

[M+ is+Leu+K]+, c) [M+ is+Pro+K]+and  d) [M+Ala+Trp+K]+. 

 

  
Figure 3-3. MS/MS spectral results of omeprazole on a) [M+ is+Ser+K]+ and b) 

[M+Ala+Leu+K]+. 
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Figure 3-4. MS/MS spectral results of omeprazole on a) [M+Phe+Ala+K]+ and b) 

[M+Phe+Trp+K]+. 

 

   

Figure 3-5. MS3 spectral results of omeprazole on the product ions a) [M+ is+K]+ and 

b) [M+Phe+K]+ obtained from MS2. 
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Table 3-2. The CR values of complex ions [M+CS1+CS2+K]+ of omeprazole using 

different combinations of two amino acids as two chiral selectors. 

Two amino acids Precursor ion Product ion CR 

 is+Ser [M+ is+Ser+K]+ [M+ is+K]+ 1.06±0.04 

  [M+Ser+K]+ 0.94±0.12 

 is+Ala [M+ is+Ala+K]+ [M+ is+K]+ 1.51±0.08 

 is+Leu [M+ is+Leu+K]+ [M+ is+K]+ 0.67±0.04 

 is+Thr [M+ is+Thr+K]+ [M+ is+K]+ 1.17±0.01 

 is+Trp [M+ is+Trp+K]+ [M+ is+K]+ 1.03±0.04 

 is+Pro [M+ is+Pro+K]+ [M+ is+K]+ 0.91±0.03 

 is+Phe NA NA NA 

 is+Tyr NA NA NA 

Ala+Ser [M+Ala+Ser+K]+ [M+Ser+K]+ 1.02±0.02 

Ala+Leu [M+Ala+Leu+K]+ [M+Leu+K]+ 1.07±0.07 

  [M+Ala+K]+ 1.04±0.05 

Ala+Thr [M+Ala+Thr+K]+ [M+Thr+K]+ 1.08±0.04 

Ala+Tyr [M+Ala+Tyr+K]+ [M+Tyr+K]+ 1.01±0.03 

Ala+Pro [M+Ala+Pro+K]+ [M+Pro+K]+ 1.12±0.09 

  [M+Ala+K]+ 1.16±0.07 

Ala+ is [M+Ala+ is+K]+ [M+ is+K]+ 1.51±0.08 

Ala+Phe [M+Ala+Phe+K]+ [M+Phe+K]+ 1.17±0.07 

Phe+Ala [M+Phe+Ala+K]+ [M+Phe+K]+ 1.17±0.07 

Phe+Thr [M+Phe+Thr+K]+ [M+Phe+K]+ 1.26±0.03 

   [M+Thr+K]+ 1.26±0.03 

Phe+Ser [M+Phe+Ser+K]+ [M+Phe+K]+ 1.02±0.05 

  
 

[M+Ser+K]+ 1.06±0.01 

Phe+Leu [M+Phe+Leu+K]+ [M+Phe+K]+ 1.02±0.01 

Phe+Trp [M+Phe+Trp+K]+ [M+Trp+K]+ 1.53±0.07 

Phe+Pro [M+Phe+Pro+K]+ [M+Phe+K]+ 0.94±0.01 

Phe+Tyr [M+Phe+Tyr+K]+ [M+Tyr+K]+ 1.02±0.09 
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3.3.4 Combination of two amino acids as the chiral selectors with copper-bound 

Again, Cu(II) was added to the mixture to test the coordination abilities of two amino 

acids as selectors. When combinations of two amino acids were applied, no copper-

bound complex ions containing two AAs and omeprazole were observed for most cases. 

Diastereomers of [CS1+CS2+Cu− ]+ tended to be detected, suggesting that Cu(II) was 

easier to coordinate with amino acids than with omeprazole. When Trp+Pro, Phe+ is, 

and Phe+Trp were investigated, copper-bound trimers [M+CS1+CS2+Cu− ]+ were 

detected as shown in Figure 3-6, possibly due to strong π-π interactions between 

omeprazole and these amino acids. Under CID, the corresponding product ions could 

be formed by losing either CS1 or CS2. Figure 3-6 shows an example of a CID spectrum 

of [M+Phe+Trp+Cu− ]+, with the loss of Phe and Trp to form [M+Trp+Cu− ]+ and 

[M+Phe+Cu− ]+, respectively.  owever, there were large variations in the relative 

intensity of the MS/MS spectra (Figure 3-7), reflecting that the complex ions were 

unstable and prone to dissociation because of the loose intermolecular binding, 

resulting in no significant chiral discrimination results. 

 

   
Figure 3-6. A MS/MS spectrum of omeprazole on [M+Phe+Trp+Cu− ]+. 
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Figure 3-7. Three replicates of MS/MS spectra of [M+Phe+Trp+Cu− ]+. 

 

Table 3-3. The CR values of complex ions of omeprazole using different combinations 

of two amino acids as two chiral selectors with copper-bound. 

Two amino acids Precursor ion Product ion CR 

Trp+Pro [M+Trp+Pro+Cu− ]+ [M+Trp+Cu− ]+ 1.20±0.14 

Phe+ is [M+Phe+ is+Cu− ]+ [M+ is+Cu− ]+ 0.86±0.09 

Phe+Trp [M+Phe+Trp+Cu− ]+ [M+Trp+Cu− ]+ 0.44±0.17 

 [M+Phe+Trp+Cu− ]+ [M+Phe+Cu− ]+ 0.93±0.03 
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3.3.5 Peptides as chiral selectors without copper-bound 

Experimentally, the above results have demonstrated that two amino acids as chiral 

selectors are better than one amino acid as one chiral selector, which could be a possible 

strategy for the differentiation of chiral compounds. Still, the choice is very limited, and 

among the combinations, only four of them allowed the identification of omeprazole 

enantiomers. Based on the idea of using two separate amino acids, we hypothesized that 

the linked amino acids may provide a further enhanced chiral effect. Compared with 

two separated compounds, the linkage between two AAs by peptide bonds makes the 

structure more compact, which may further enhance the intermolecular binding of 

complex ions. Thus, peptides were investigated in this study.  

 

The main advantage of peptides is that they are robust and versatile, then can be easily 

synthesized and designed by selecting different types of amino acids, with various 

structures, and can be modified at different residues. Except for as an individual chiral 

selector used in MS/MS, peptides can also be easily attached to the LC column, 

expanding the designation of chiral columns. Unlike two chiral amino acids, which have 

four different types of combinations, CS1 (L) + CS2 (L), CS1 (D) + CS2 (D), CS1 (L) 

+ CS2 (D), and CS1 (D) + CS2 (L), for a dipeptide, there can be eight possibilities, as 

the order of amino acids can change as well (Figure 3-8). We first have insights into L-

L dipeptides.  

 

For comparison, a series of dipeptides were studied with one of the amino acids fixed 

as Ala: Pro-Ala, Trp-Ala, Phe-Ala,  is-Ala, Thr-Ala, Glu-Ala and Arg-Ala. The 

structures of the dipeptides are displayed in Figure 3-9. Interestingly, for each dipeptide, 

more diastereomers could be detected than using one or two amino acids, both singly 
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and doubly charged ions, such as [M+CS+Na]+, [M+CS+K]+, [M+2CS+K]+, 

[2M+CS+K]+, [M+CS+K+ ]2+ and [M+CS+Na+ ]2+. The most observed one was the 

doubly charged potassium adduct dimer [M+CS+K+ ]2+, the most observed product of 

which was [M+ ]+. Figure 3-10 shows the MS/MS spectra of [M+CS+K+ ]2+ with 

different dipeptides as CSs. The results confirm that the two enantiomers were clearly 

distinguished using peptides as chiral selectors. As detailed in Table 3-4, for Pro-Ala, 

Trp-Ala, Phe-Ala and Glu-Ala, enantioselectivity was obtained with CR values ranging 

from 1.24±0.04 to 0.33±0.04, however, no significant consequences were achieved 

when using combinations of two amino acids Pro+Ala, Trp+Ala and Phe+Ala. Though 

for  is-Ala, Thr-Ala and Arg-Ala, their corresponding CR values for [M+ ]+ were 

almost close to 1.00, they can still discriminate omeprazole enantiomers by 

[M+CS+K]+ or [M+CS+Na]+. According to the experimental results, dipeptides served 

as ideal chiral selectors toward omeprazole when looking into other diastereomeric 

complex ions. For example, a clear difference was obtained between two enantiomers 

with [M+ is-Ala+Na]+ dissociated to [M+Na]+. For the above six dipeptides, there 

were always certain complex ions that could be used for the chiral discrimination of 

omeprazole. The most discriminative result was obtained with L-Trp-L-Ala as the chiral 

selector, which has various sites for hydrogen bonds, a side chain indole for π 

interactions and a flexible alanine that can adjust to analytes. Due to the different spatial 

arrangements of the phenyl ring of the analyte, the interactions between the dipeptide 

and two omeprazole enantiomers could be significantly influenced. 
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Figure 3-8. Eight possibilities for designing a dipeptide. 
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Figure 3-9. The structure of Pro-Ala, Trp-Ala, Phe-Ala,  is-Ala, Thr-Ala, 

Glu-Ala and Arg-Ala. 
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Figure 3-10. MS/MS spectra of R/S-omeprazole on [M+CS+K+ ]2+ with different amino acids as chiral selectors. (To be continued)
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Figure 3-11-continued. MS/MS spectra of R/S-omeprazole on [M+CS+K+ ]2+ with different amino acids as chiral selectors.
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Table 3-4. MS/MS results of the diastereomeric complex ions of omeprazole using 

dipeptides as chiral selectors with Ala fixed. 

Dipeptides Precursor ion Product ion CR 

Pro-Ala [M+CS+K+ ]2+ [M+ ]+ 1.24±0.04 

Trp-Ala [M+CS+K+ ]2+ [M+ ]+ 0.33±0.04 

 [M+2CS+K+ ]2+ [M+CS+K+ ]2+ 1.18±0.02 

Phe-Ala [M+CS+K+ ]2+ [M+ ]+ 0.60±0.01 

 is-Ala [M+CS+K+ ]2+ [M+ ]+ 1.06±0.01 

 [M+CS+Na]+ [CS+Na]+ 1.22±0.03 

 [M+CS+Na]+ [M+Na]+ 1.46±0.05 

Thr-Ala [M+CS+K+ ]2+ [M+ ]+ 1.07±0.05 

 [M+CS+K]+ [M+K]+ 0.18±0.02 

 [2M+CS+K]+ [M+CS+K]+ 1.32±0.03 

 [M+CS+K]+ [M+CS+K−C
8
 
8
N
2
O]+ 0.18±0.02 

Arg-Ala [M+CS+K+ ]2+ [M+ ]+ 1.02±0.01 

 [M+CS+K]+ [M+CS+K−C
8
 
8
N
2
O]+ 1.13±0.02 

Glu-Ala [M+CS+K+ ]2+ [M+ ]+ 1.93±0.18 

 [M+CS+K+ ]2+ [CS+Na]+ 1.35±0.30 

 [M+CS+K]+ [M+K]+ 0.43±0.06 

 [2M+CS+Na]+ [M+Na]+ 1.65±0.08 
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The same measurements were performed with another set of dipeptides containing  is 

applied as chiral selectors, consisting of  is-Ser,  is-Phe and  is-Ala, and the 

corresponding structures were exhibited in Figure 3-11. Numerous diastereomers were 

formed as summarized in Table 3-5, most of which were sodium or potassium adduct 

dimers and trimers. Compared with Ala-based peptides, using  is-based peptides tends 

to form more singly charged ions. When dissociated, loss of dipeptide or omeprazole 

was observed. The most chiral discrimination of using each dipeptide was obtained with 

[M+2 is-Ser+K]+ dissociated into [2 is-Ser+K]+ (CR=0.75 ± 0.02), [M+2 is-

Phe+K]+ dissociated into [2 is-Ser+K]+ (CR=1.32± 0.08), and [M+ is-Ala+Na]+ 

dissociated into [ is-Ala+Na]+ (CR=1.46±0.05). The results demonstrated that the loss 

of omeprazole had a greater impact on the chiral structure of ions.  
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Figure 3-11. The structure of  is-Ser,  is-Phe and  is-Ala. 
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Table 3-5. The CR values of complex ions of omeprazole using dipeptides as chiral 

selectors with  is fixed. 

Dipeptides Precursor ion Product ion CR 

 is-Ser [M+CS+ ]+ [M+ ]+ 0.98±0.03 

  [CS+ ]+ 0.97±0.04 

 [M+CS+Na]+ [M+Na]+ 0.91±0.07 

  [CS+Na]+ 0.90±0.05 

 [M+CS+K]+ [M+K]+ 0.81±0.18 

  [CS+K]+ 0.79±0.17 

  [M+CS+K−C
8
 
8
N
2
O]+ 0.85±0.02 

 [M+2CS+K]+ [2CS+K]+ 0.75±0.02 

 [2M+CS+Na]+ [M+CS+Na]+ 0.95±0.03 

 [2M+CS+K]+ [M+CS+K]+ 1.02±0.02 

 is-Phe [M+CS+ ]+ [M+ ]+ 1.06±0.01 

  [CS+ ]+ 1.08±0.03 

 [M+CS+Na]+ [M+Na]+ 1.22±0.05 

  [CS+Na]+ 1.13±0.06 

 [M+CS+K]+ [CS+K]+ 1.36±0.15 

 [M+2CS+K]+ [2CS+K]+ 1.32±0.08 

 [2M+CS+K]+ [M+CS+K]+ 1.03±0.01 

 is-Ala [M+CS+K+ ]2+ [CS+K]+ 1.04±0.04 

  [M+ ]+ 1.06±0.01 

 [M+CS+Na]+ [CS+Na]+ 1.22±0.03 

  [M+Na]+ 1.46±0.05 

 [M+CS+K]+ [M+CS+K−C
8
 
8
N
2
O]+ 1.05±0.04 

 [2M+CS+K]+ [M+CS+K]+ 0.91±0.08 

 is-Ser [M+CS+ ]+ [M+ ]+ 0.98±0.03 
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For the comparison of two amino acids and dipeptides, take the potassium adduct ion 

as an example, [M+ is+Ser+K]+ tended to lose one or two amino acids, with no loss 

of the analyte. While for [M+ is-Ser+K]+, loss of  is-Ser or omeprazole is all possible. 

In addition, when two amino acids  is+Ser were utilized as chiral selectors, no chiral 

recognition was found.  owever, omeprazole enantiomers were sufficiently 

distinguished using the dipeptide  is-Ser. It is speculated that the discrimination may 

correspond to the specific structure of complexes. Two amino acids could provide 

multiple binding sites and interactions, but the intermolecular binding using two 

separate AAs is loose. When they are linked by a peptide bond, the structure is more 

rigid, thus creating enhanced chiral effects. The above results confirm the superiority 

of dipeptides in chiral analysis of omeprazole. Further confirmation will be done to 

better understand the structure of these complexes, with the help of standard Gibbs 

energies, computational model and Gaussian calculation. 

 

  



144 

 

3.3.6 Peptides as the chiral selectors with copper-bound  

Nearly no copper-bound complex ions containing both omeprazole and dipeptides were 

observed, which might be due to their lower interaction with copper. 

 

3.3.7 Peptides with one chiral center as chiral selectors 

All of the dipeptides mentioned above possess two chiral centers. Among 20 common 

amino acids, glycine stands out as the only one without chirality. To further explore the 

capabilities of dipeptides with a single chiral center, Gly-Phe, Gly-Pro, Gly-Leu, Gly-

Ala, Gly-Glu, and Gly-Asp were examined, the structures of which were exhibited in 

Figure 3-12. Gly-Phe and Gly-Pro have rigid rings in their side chains, while Gly-Leu, 

Gly-Ala, Gly-Glu and Gly-Asp differ in terms of side chain length and functional group. 

The results, summarized in Table 3-6, showed that despite having only one chiral center, 

the identification of the absolute configuration of omeprazole still could be realized 

with all these dipeptides. Additionally, most of the detected complex ions were singly 

charged dimers and trimers, except for Gly-Pro and Gly-Leu, protonated doubly 

charged dimers [M+CS+K+ ]2+ were observed. Significant chiral recognition was 

obtained using these six dipeptides as chiral selectors, yielding CR values ranging from 

0.85±0.02 to 0.44±0.07. The most distinct one was obtained by [M+Gly-Pro+K+ ]2+ 

dissociated into [Gly-Pro+ ]+ (CR value 0.44±0.07). 
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Figure 3-12. The structure of Gly-Phe, Gly-Pro, Gly-Leu, Gly-Ala, Gly-Glu, and Gly-Asp.

Gly-L-LeuGly-L-Phe Gly-L-Pro

Gly-L-AspGly-L-Ala Gly-L-Glu
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Table 3-6. The CR values of complex ions of omeprazole using dipeptides as chiral 

selectors with Gly fixed. 

Dipeptides Precursor ion Product ion CR 

Gly-Phe [M+2CS+Na]+ [M+CS+Na]+ 1.84±0.18 

Gly-Pro [M+CS+K+ ]2+ [M+ ]+ 0.81±0.02 

  [CS+ ]+ 0.44±0.07 

 [M+CS+K]+ [M+ ]+ 1.38±0.07 

Gly-Leu [M+CS+K+ ]2+ [CS+ ]+ 0.79±0.06 

 [M+CS+K]+ [M+K]+ 0.70±0.15 

 [M+2CS+K]+ [M+ ]+ 1.68±0.17 

 [2M+CS+Na]+ [2M+Na]+ 1.02±0.04 

 [2M+CS+K]+ [2M+K]+ 1.12±0.01 

Gly-Ala [M+CS+Na]+ [M+Na]+ 0.89±0.02 

 [M+CS+K]+ [M+ ]+ 1.73±0.12 

Gly-Glu [M+CS+Na]+ [M+Na]+ 0.87±0.02 

 [2M+CS+Na]+ [2M+Na]+ 0.55±0.10 

Gly-Asp [2M+CS+K]+ [M+CS+K]+ 1.14±0.02 
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3.3.8 Peptides with different orders of amino acids as chiral selectors 

As mentioned in Figure 4-11, the order of AAs can vary even when synthesized from 

the same components.  ere, we simply take two dipeptides Gly-Pro and Pro-Gly as an 

example to investigate whether the order would have a great impact on the chiral 

discrimination. Figure 3-13 shows the structures of two dipeptides, with Gly-Pro being 

more cyclic and Pro-Gly being more linear. The chiral recognition ability of them 

towards omeprazole enantiomers was then evaluated as shown in Table 3-7. 

Interestingly, under the same dissociation path, the obtained CR values were very 

different. When Gly-Pro was used as the selector, there was no difference observed 

from [M+CS+K+ ]2+ to [M+ ]+, and from [M+CS+K]+ to [M+ ]+.  owever, better 

chiral analysis was achieved using Pro-Gly as the selector. On the other hand, Gly-Pro 

performed better for [M+CS+K]+ to [M+K]+, with less standard deviation. The CR 

value obtained from [M+CS+K]+ to [M+ ]+ using Gly-Pro is smaller than 1.0, while 

that using Pro-Gly is larger than 1.0, suggesting the different preference of cluster ions 

for the homochiral or heterochiral (Figure 3-14). These results highlight the importance 

of the order of AAs in peptides, which has a great impact on the spatial structure. 

 owever, enantioselectivity still could be achieved with all dipeptides used, indicating 

the strong chiral discrimination ability of peptides as chiral selectors. 
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Figure 3-13. Structures of Gly-Pro and Pro-Gly. 

 

 
Figure 3-14. MS/MS spectra of R/S-omeprazole on a-b) [M+Gly-Pro+K]+ and c-d) 

[M+Pro-Gly+K]+ under the same collision-induced dissociation energy. 
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Table 3-7. The CR values of complex ions of omeprazole using Gly-Pro and Pro-Gly 

as chiral selectors. 

Dipeptides Precursor ion Product ion CR 

Gly-Pro [M+CS+K+ ]2+ [CS+ ]+ 0.79±0.06 

  [M+ ]+ 1.02±0.02 

 [M+CS+K]+ [M+K]+ 0.80±0.01 

  [M+ ]+ 0.82±0.06 

Pro-Gly [M+CS+K+ ]2+ [CS+ ]+ 0.44±0.07 

  [M+ ]+ 0.81±0.02 

 [M+CS+K]+ [M+K]+ 0.76±0.07 

  [M+ ]+ 1.38±0.07 
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3.3.9 Performance of the peptide approach using Orbitrap MS 

To verify the peptide-based approach for the analysis of chiral compounds, in addition 

to the ion trap MS, we also tried to perform similar experiments on the Orbitrap Exploris 

120 mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The ESI+ 

conditions were optimized in terms of spray voltage (3600 V), ion transfer tube 

temperature (200 ℃), sheath gas (25 Arb), aux gas (5 Arb) and vaporizer temperature 

(200 ℃). Gas-phase complex ions were generated by electrospraying.  

 

Considering the influence of the mobile phase that would dilute sample solutions, 

samples were prepared at a concentration of 100 μM for both omeprazole and chiral 

selectors in 50% methanol. Three replicates were performed for each sample. 

 

To improve the efficiency, an autosampler of UltiMate 3000 UPLC (Thermo Fisher 

Scientific, Waltham, MA, USA) was applied rather than injection by hand. As no 

column for separation is needed, direct infusion was employed. The injected sample 

volume is 20 μL. The mobile phase consisted of 50% eluent A methanol and 50% B 

water. A flow rate of 0.1 mL min-1 was used for the 3-minute elution. Accurate MS/MS 

spectra were acquired in the mass range of m/z 300-1000 with an isolation window of 

2 Da and a resolution of 120000 FW M (full width at half maximum). The  CD 

collision energies (%) depended on the relative intensity of product ions to precursor 

ions. The acquired spectra were processed by the software of FreeStyle (Thermo Fisher 

Scientific, Waltham, MA, USA).  
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Dipeptides of Pro-Ala, Thr-Ala, Phe-Ala,  is-Ala,  is-Phe,  is-Ser,  is-Gly, Gly-Phe, 

Gly-Leu, Gly-Glu, Gly-Pro were studied. An example of MS/MS spectra of the 

complex ion [M+CS+K]+ using Pro-Ala as the chiral selector is shown in Figure 3-15. 

As displayed, two diastereomers could be clearly distinguished by the difference in the 

relative intensity of product ions [Pro-Ala+ ]+ and [M+K]+, the corresponding CR 

values were 0.47± 0.02 and 1.43± 0.06, respectively. The cluster ions that led to 

significant recognition of the chiral drug were summarized in Table 3-8. When 

compared with results obtained from IT-MS, inconsistent CR values were observed, 

apart from this, the dipeptides Thr-Ala and  is-Ala didn’t show any enantioselectivity 

towards the drug in this study. A possible explanation could be that different types of 

dissociation energies were applied in two MS techniques, which contributed to different 

MS/MS spectral patterns. The IT-MS tends to be gentler on complex ions. Even so, the 

strategy of employing dipeptides as chiral selectors is still feasible. Given that with the 

help of the UPLC autosampler, both labor intensity and sampling time decreased, the 

application of UPLC-Orbitrap 120 MS in this study is worth considering. Further 

optimization will be performed. 
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Figure 3-15. MS/MS spectra of [R/S-omeprazole+Pro-Ala+K]+. 
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Table 3-8. The CR values of complex ions of omeprazole using various dipeptides as 

chiral selectors based on orbitrap consequences. 

Dipeptides Precursor ion Product ion CR 

Gly-Pro 
[M+2CS+Na]

+
 [M+Na]

+
 

0.06±0.03 

Gly-Leu 
[M+CS+K]

+
 [M+K]

+
 

0.23±0.01 

 
[M+CS+Na]

+
 [M+Na]

+
 

1.17±0.03 

 
[M+2CS+K]

+
 [M+CS+K]

+
 

3.75±0.47 

 
[M+2CS+Na]

+
 [M+CS+Na]

+
 

2.07±0.26 

Gly-Glu 
[M+CS+K]

+
 [M+K]

+
 0.19±0.13 

Gly-Phe 
[M+CS+K]

+
 [M+K]

+
 0.60±0.03 

 
[M+CS+Na]

+
 [M+Na]

+
 1.20±0.02 

 
[2M+CS+K]

+
 [M+CS+K]

+
 

3.19±0.33 

Pro-Ala 
[M+CS+K]

+
 [M+K]

+
 1.43±0.06 

 
[M+CS+K]

+
 [CS+ ]

+
 0.47±0.02 

 
[M+2CS+K]

+
 [M+CS+K]

+
 1.20±0.02 

 
[M+2CS+K]

+
 [M+ ]

+
 1.96±0.02 

 
[2M+CS+K]

+
 [M+CS+K]

+
 1.12±0.03 

Phe-Ala 
[2M+CS+K]

+
 [M+CS+K]

+
 1.15±0.02 

 
[2M+CS+K]

+
 [2M+K]

+
 1.14±0.02 

 is-Ala 
[M+2CS+K]

+
 [2CS+K]

+
 0.54±0.13 

 
[2M+CS+ ]

+
 [M+ ]

+
 0.22±0.20 

 is-Ser 
[M+CS+K]

+
 [CS+K]

+
 0.21±0.08 

 is-Gly 
[M+CS+K]

+
 [CS+K]

+
 2.02±0.13 

 
[M+2CS+ ]

+
 [M+CS+ ]

+
 1.18±0.03 
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3.3.10 Extension of dipeptides to the chiral recognition of clopidogrel 

Dipeptides have proven to be ideal chiral selectors for omeprazole. In order to 

investigate the versatility of dipeptides, we have also extended the application to 

another chiral drug, clopidogrel (Clo). Different from omeprazole, nearly no doubly 

charged complexes were detected or dissociated. The most observed ions were singly 

charged dimers and trimers, including [M+CS+K]+, [M+CS+Na]+, [M+CS+ ]+, 

[M+2CS+K]+, and [M+2CS+Na]+. Dipeptides mentioned previously were applied here 

for the recognition of clopidogrel. Figure 3-16 displayed an example of MS/MS spectral 

results using Phe-Ala as the chiral selector, and significant differences in dissociated 

patterns could be observed between dimers [M+Phe-Ala+Na]+ of two clopidogrel 

diastereomers by losing an analyte to form [Phe-Ala+Na]+ (m/z 259.2), with a CR value 

of 0.54±0.10. Chiral recognition of clopidogrel could be achieved with all dipeptides 

tested. A summary of chiral discrimination results was shown in Table 3-10 and Table 

3-11. 
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Figure 3-16. MS/MS spectra of R/S-clopidogrel on [M+CS+Na]+ with Pro-Ala as the 

chiral selector. 

 

Table 3-9. The CR values of complex ions of clopidogrel using dipeptides as chiral 

selectors with  is fixed. 

Dipeptides Precursor ion Product ion CR 

 is-Ser [M+CS+Na] + [CS+Na] + 0.47±0.04 

 is-Phe [M+CS+Na] + [CS+Na] + 0.77±0.04 

 [M+CS+K] + [CS+K] + 0.72±0.04 

 [2M+CS+Na] + [2M+Na] + 0.55±0.07 

 [2M+CS+K] + [2M+K] + 1.14±0.01 

 is-Ala [M+2CS+Na]+ Unknown 0.27±0.02 
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Table 3-10. The CR values of complex ions of clopidogrel using dipeptides as chiral 

selectors with Ala fixed. 

Dipeptides Precursor ion Product ion CR 

Trp-Ala [M+CS+Na]+ [CS+Na]+ 0.84±0.03 

 [M+CS+K]+ [CS+K]+ 0.50±0.05 

Phe-Ala [M+CS+ ]+ [M+ ]+ 0.68±0.03 

 [M+CS+Na]+ [CS+Na]+ 0.54±0.10 

  [CS+ ]+ 0.54±0.07 

 [M+CS+K]+ [CS+K]+ 0.80±0.02 

 [M+2CS+K]+ [2CS+K]+ 0.50±0.07 

Pro-Ala [M+CS+K]+ [CS+K]+ 3.60±0.70 

 [M+2CS+K]+ [2CS+K]+ 0.80±0.05 

Thr-Ala [M+CS+ ]+ [M+ ]+ 0.67±0.04 

 [M+CS+K]+ [CS+K]+ 1.21±0.04 

 [M+2CS+K]+ [2CS+K]+ 0.48±0.08 

 is-Ala [M+2CS+Na]+ Unknown 0.27±0.02 

Glu-Ala [M+CS+K]+ [M+ ]+ 0.74±0.03 
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Table 3-11. The CR values of complex ions of clopidogrel using dipeptides as chiral 

selectors with Gly fixed. 

Dipeptides Precursor ion Product ion CR 

Gly-Glu [M+CS+Na]+ [CS+Na]+ 0.73±0.03 

 [M+2CS+K]+ [2CS+K]+ 0.47±0.09 

Gly-Phe [M+2CS+Na]+ [2CS+Na]+ 0.26±0.04 

 [M+2CS+K]+ [2CS+K]+ 1.34±0.05 

  [M+CS+K]+ 1.56±0.06 

 [2M+CS+Na]+ [M+CS+Na]+ 0.43±0.06 

 [2M+CS+K]+ [M+CS+K]+ 0.79±0.02 

Gly-Asp [M+2CS+Na]+ [2CS+Na]+ 0.63±0.07 

 [M+2CS+K]+ [2CS+K]+ 0.42±0.06 

Gly-Ala [M+2CS+Na]+ [2CS+Na]+ 0.54±0.09 

 [M+2CS+K]+ [2CS+K]+ 0.70±0.05 

  [M+CS+K]+ 0.73±0.05 

 [2M+CS+K]+ [M+CS+K]+ 0.44±0.06 

Gly-Pro [M+CS+ ]+ [M+ ]+ 1.25±0.05 

 [M+CS+K]+ [CS+K]+ 1.19±0.03 

 [M+2CS+Na]+ [2CS+Na]+ 0.79±0.02 

 [M+2CS+K]+ [2CS+K]+ 0.90±0.02 

 [2M+CS+Na]+ [M+CS+Na]+ 0.66±0.09 

 

  



158 

 

Interestingly, dissociation patterns were very different between complex ions 

containing omeprazole and clopidogrel. These results demonstrated the affinity of 

peptides and chiral drugs towards sodium ion or potassium ion. Some comparison 

results were exhibited in Figure 3-17 and Figure 3-18, as shown, with the same peptides 

(Phe-Ala, Pro-Ala and Thr-Ala), loss of a peptide occurred in [omeprazole+CS+Na]+, 

while [omeprazole+CS+K]+ tended to lose 148 Da, indicating that omeprazole may 

have higher affinity towards Na+ than these peptides, but lower affinity towards K+. 

Clopidogrel is another thing, as for both [clopidogrel+CS+Na]+ and 

[clopidogrel+CS+K]+, dissociation of Clopidogrel was easier than that of peptides, 

illustrating the lower affinity of Clo towards Na+ and K+. These observations may be 

related to the structure of complex ions, further investigations will be done to have a 

deep understanding of the role of dipeptides in the recognition of different chiral 

compounds.  
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Figure 3-17. MS/MS spectra of omeprazole on [M+CS+Na]+ (top) and [M+CS+K]+ 

(bottom) with different dipeptides as chiral selectors. 
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Figure 3-18. MS/MS spectra of clopidogrel on [M+CS+Na]+ (top) and [M+CS+K]+ 

(bottom) with different dipeptides as chiral selectors. 
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To compare the ability of peptides in chiral analysis to that of amino acids, combinations 

of two amino acids were investigated as well. In contrast to peptides, no higher 

assembly of complex ions was observed, and only those containing one analyte, one 

CS1 and one CS2 were detected, most were [M+CS1+CS2+K]+. [M+CS1+CS2+ ]+ 

and [M+CS1+CS2+Na]+. The latter two had low intensity or were unstable under the 

dissociating energy. Similar to omeprazole, the order of binding affinity of amino acids 

towards the clopidogrel-containing ions may be concluded. As shown in Figure 3-19, 

when one of the amino acids was fixed as Ala, the dissociation of Ala was easier than 

the analyte or the other AA. Even the loss of Trp was observed in Figure 3-19a, the 

intensity of Ala was higher than that of Trp. An exception was Pro, which was easier to 

dissociate from complexes than Ala. In contrast to Ala, when  is was fixed, the loss of 

the other AA was observed (Figure 3-20), indicating that  is has a higher binding 

affinity towards the complex ion. A more detailed order will be derived with more 

combinations of two amino acids investigated. 

 

When looking deeply into the recognition results as shown in Table 3-12, it could be 

observed that among all combinations tested, only two showed enantioselectivity 

towards clopidogrel, Trp+Ala and Glu+Ala. This is consistent with the previous results 

for omeprazole, strengthening the priority of peptides over two separated amino acids 

in the analysis of the chiral drug. 
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Figure 3-19. MS/MS spectra of clopidogrel on [M+CS1+CS2+K]+ with different 

combinations of two amino acids as chiral selectors with Ala fixed. 
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Figure 3-20. MS/MS spectra of clopidogrel on [M+CS1+CS+K]+ with different 

combinations of two amino acids as chiral selectors with  is fixed. 
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Table 3-12. The CR values of complex ions of clopidogrel using two amino acids as 

chiral selectors. 

Two amino acids Precursor ion Product ion CR 

Trp+Ala [M+Trp+Ala+Na]+ [M+Ala+Na]+  1.01±0.03 

 
[M+Trp+Ala+K]+  [M+Trp+K]+  0.54±0.06 

 
[M+Trp+Ala+K]+ [M+Ala+K]+  1.12±0.04 

Thr+Ala [M+Thr+Ala+K]+  [M+Thr+K]+  1.04±0.01 

Glu+Ala [M+Glu+Ala+K]+  [M+Glu+K]+  0.69±0.03 

Phe+Ala [M+Phe+Ala+Na]+  [M+Ala+Na]+  1.16±0.08 

 
[M+Phe+Ala+K]+  [M+Ala+K]+  0.83±0.05 

Pro+Ala [M+Pro+Ala+ ]+  [M+Ala+ ]+  1.02±0.20 

 
[M+Pro+Ala+Na]+  [M+Ala+Na]+  0.91±0.06 

 
[M+Pro+Ala+K]+  [M+Ala+K]+  0.97±0.03 

 
[M+Pro+Ala+K]+ [M+Pro+K]+  0.99±0.03 

 is+Ala [M+ is+Ala+K]+  [M+ is+K]+  1.02±0.02 

 is+Phe [M+ is+Phe+K]+  [M+ is+K]+  1.01±0.02 

 is+Ser [M+ is+Ser+K]+  [M+ is+K]+  1.02±0.02 
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3.4 Conclusions 

In this chapter, tandem mass spectrometry was utilized to investigate a possible 

mechanism of analysis of chiral drugs. Omeprazole was studied as an example, by 

introducing one amino acid, combinations of two amino acids, and dipeptides as chiral 

selectors, each with and without copper-bound. It was observed that a limited number 

of amino acids as one selector could lead to enantioselectivity of R/S-omeprazole, 

regardless of copper binding. Only Trp was found to be an ideal selector toward R/S-

omeprazole, forming copper-bound diastereomeric complexes [2M+2Trp+Cu+K− ]2+. 

In contrast, when two amino acids were used as selectors, there were multiple 

combinations possible. Combining different kinds of amino acids may create a totally 

different chiral environment, resulting in enhanced chiral effects. Among the 

combinations studied, four sets of amino acids ( is+Ala,  is+Leu,  is+Thr and 

Phe+Trp) were able to discriminate omeprazole chirality, with relative CR values 

ranging from 1.17±0.01 to 1.53±0.07. Peptides, which are short chains of amino acids 

linked by peptide bonds, may utilize the chiral environment caused by amino acids 

while providing more stable and tightly bound structures. The results demonstrated that 

chiral recognition was achieved with all dipeptides applied, and numerous 

diastereomeric complexes were observed. The most chiral discrimination was obtained 

with [M+2 is-Ser+K]+ dissociated into [2 is-Ser+K]+ (CR = 0.75±0.02), [M+2 is-

Phe+K]+ dissociated into [2 is-Ser+K]+ (CR = 1.32± 0.08), and [M+ is-Ala+Na]+ 

dissociated into [ is-Ala+Na]+ (CR = 1.46± 0.05), respectively. The exceptional 

performance of dipeptides over two separated amino acids may be attributed to specific 

bindings within complex ions, enabling a large chiral effect when the chirality of 

omeprazole changes. In addition, some interesting findings regarding the binding 

affinity within complexes were also observed, which have a great impact on the 



166 

 

dissociation order.  

 

To explore the versatility of peptides in chiral discrimination, another chiral drug, 

clopidogrel, was investigated as well, which demonstrated the superiority of peptides 

as chiral selectors. In addition, orbitrap-MS was applied for the chiral analysis of 

omeprazole using peptides as chiral selectors, proving the universality of this method. 

As only L-type dipeptides were studied, an in-depth study of those containing D-amino 

acid residues as well as those with different orders of residues will be done to conclude 

a general rule. To gain a better understanding of the basic molecular principle involved, 

the structures of these complexes will be further investigated in detail by density 

functional theory simulations. 
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Chapter 4.  General Conclusions and Prospects 

Rapid authentication methods for red wine were developed using MALDI-MS and 

DART-MS. Compared with conventional LC-MS and GC-MS, MALDI-MS and 

DART-MS require less sample preparation and enable high throughput analysis. 

Furthermore, direct mass spectrometry may retain more compound information, 

making it ideal for multivariate analysis. Extensive optimization of experimental 

conditions was performed, and the use of optimized automatic or semi-automatic 

acquisition modes allowed to obtain high-quality spectra. Though the equipment of 

MALDI-MS is not common in the laboratory because of its high cost, considering the 

overall time and labor, it is a worthwhile investment. As for DART, it is a very 

convenient ion source that can be easily connected to various types of mass 

spectrometry instruments. Both techniques make the authentication of wine in the real 

market easy and possible. 

 

In this study, MALDI-MS was found to detect anthocyanin-related compounds mainly, 

and DART-MS enabled analysis of aromatic compounds, because of their specific 

ionization mechanisms. The two techniques were found to work complementarily for 

wine analysis. The approach of combining MALDI-MS and DART-MS was then 

proposed for the first time, and it was proven to be powerful in the discrimination of 

red wine in terms of origins, vintages and varieties, as it could combine advantages but 

minimized disadvantages of both techniques. The correct classification rates were 

improved significantly as well as fitting and predictive abilities, compared to using a 

single technology. Untargeted analysis was employed to acquire as much information 

as possible, and by coupling with OPLS-DA, useful information was well utilized and 

unrelated one was dismissed. Multivariate calibration models were established by using 
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OPLS-DA, and by following these models step by step, the origins of wine samples 

could be well classified, with correct rates even up to 100%. To better understand the 

compound information that contributed to the differentiation of red wine, characteristic 

markers were found by applying several criteria and identified by referring to literature 

or databases.  owever, the intensity of some markers was too low to conduct MS/MS, 

the identification of these markers needs further optimization. 

 

Overall, a rapid and high throughput approach was developed by combining MALDI-

MS and DART-MS in data analysis for the first time. The high correct rates obtained 

verified the reliability of the approach. It was also attempted to distinguish other 

features such as vintage years and grape varieties, with satisfactory classification results, 

indicating the robustness of the approach. Except for origin, vintage year and grape 

variety identification, it can also be extended to the differentiation of blended wines or 

the quantification analysis of wine components in the future. Considering the overall 

time and workload demanded, it is expected to be an alternative to traditional GC-MS 

or LC-MS, not only for the analysis of red wine but also for other samples. What’s more, 

the thought of combining different types of mass spectrometric techniques and even 

other analytical techniques can also be extended to other fields for various applications. 

 

Tandem mass spectrometry has been applied for the recognition of chiral drugs by ion 

trap mass spectrometry in this study. Several important chiral drugs with different 

structures were investigated for their differentiation, including ofloxacin, clopidogrel, 

bupivacaine and omeprazole. Chiral selectors were introduced to form diastereomeric 

complexes, which may show different dissociation patterns under the same CID energy, 

and metal ions were applied to provide a coordination site that may enhance the 
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intermolecular binding. With simple sample preparation and the optimized 

experimental conditions, various diastereomeric complexes were observed and 

dissociated in MS/MS. The chiral recognition ratio was employed to evaluate the degree 

of chiral recognition, comparing the intensity ration of product ion to precursor ion. 

Significant chiral recognition was observed with all chiral drugs investigated. The 

difference in structures and chiral effect were compared and discussed.  

 

For ofloxacin, clopidogrel, omeprazole and bupivacaine, the major goal was to achieve 

chiral recognition by means of tandem mass spectrometry through systematic 

investigation, proving the feasibility of our method in chiral analysis. Several amino 

acids and cyclodextrins were applied as chiral selectors. Complex ions [R/S-ofloxacin 

+2Pro+Cu− ]+, [  R/S-clopidogrel+Cu+Trp− ]+, [R/S-omeprazole+2Trp+K+ ]2+and 

[3(R/S-bupivacaine)+ ]+ showed the most chiral discrimination of chiral drugs, 

respectively. The selection of chiral selectors and metal ions for these three candidates 

was different, indicating the structure of the analyte would have a significant role in 

forming complex ions and in intermolecular binding. This study provides an approach 

to determine the absolute configuration of ofloxacin, clopidogrel, omeprazole and 

bupivacaine, and may provide insight into how these chiral drugs work in the biological 

environment. 

 

To further explore how different structures of chiral selectors impact the chiral 

recognition of chiral drugs, omeprazole was studied as an example. Systematical 

analysis was performed by using one amino acid, two amino acids, and dipeptides as 

chiral selectors. Preliminary results showed the chirality of omeprazole could be 

recognized by these three groups of selectors, however, the selection of one amino acid 
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was very limited, mainly due to its simple structure, which could only provide a simple 

chiral environment. Two amino acids as selectors that provided a more complicated 

environment did perform better, with four sets of amino acids ( is+Ala,  is+Leu, 

 is+Thr and Phe+Trp) resulting in good CR values. The most interesting observation 

was that dipeptides outperformed amino acids, as all dipeptides investigated here led to 

significant chiral discrimination of omeprazole. Compared with two amino acids, the 

structure of dipeptides is more stable, utilizing the chiral environment caused by amino 

acids but providing more stable and tight-binding structures. The MS/MS-based method 

using peptides as chiral selectors further was applicable to another chiral drug, 

clopidogrel, as well as to another mass spectrometry, orbitrap-MS. The fundamental 

molecular principle needs further study to have a deep insight into the structural 

information and draw some general rules for chiral analysis. In addition, the application 

of dipeptides in chiral analysis has been hardly reported, it is full of potential in this 

area. Considering the outstanding performance of peptides, they can be applied to chiral 

recognition of other chiral compounds, e.g., amino acids, sugars, nucleosides, proteins, 

polysaccharides and enzymes, and to other analytical techniques, such as  PLC, the 

column of which could be easily designed with peptides. 
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