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l HPAEC-PAD , high-performance anion-exchange chromatography with pulsed 

amperometric detection 

l HPLC, high-performance liquid chromatography 
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l HVA, homovanillic acid 
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Chapter I 

 

Introduction 

 

1.1 Overview of chromatography  

 

    Chromatography is an analytical technique that was invented at the 20th century 

by Mikhail Tswett [1], a researcher for plant pigments, in which an original separation 

system by chalk-filled tube and organic solvent for the separation of a mixture of 

pigments was proposed. The separation technique was named as “chromatography” 

which is derived from Greek, chroma means “color”, and graphy means “to write”. 

Thereafter, a variety of chromatographic techniques have been exploited, including 

liquid chromatography (LC) [2], gas chromatography (GC) [3], thin layer 

chromatography (TLC) [4], supercritical fluid chromatography (SFC) [5], and so on. 

Although separation mechanisms are different in techniques, their extensive goal is to 

separate a mixture into individual components. In this study, LC separation technique 

was focused on, since it has become the most indispensable analytical technique in 
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food science, biotechnology, and pharmacy. Schematic diagram of LC system is 

represented in Fig. 1-1. In food science field, analytes for LC separation involve 

carbohydrates, nucleic acids, amino acids, and peptides for the evaluation of food 

quality, as well as the evaluation of physiological functions in preventing 

lifestyle-related diseases [6–9] and of bioavailability [10–12]. Commonly used LC 

detectors are ultra-violet (UV), refractive index (RI), fluorescence (FLD), and 

electrochemical (ECD) detectors [13], and mass spectrometry (MS) [14]. Considering 

high sensitivity and selectivity for target detection [14], MS detector is now growing 

in combination with LC system. In MS detector, compounds that are separated by LC 

are then ionized (in some cases fragmented) and separated according to their 

mass-to-charge ratio (m/z). Furthermore, each compound displays unique 

fragmentation patterns and mass spectra, being capable of identification of 

compounds.  
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Fig. 1-1 Schematic diagram of LC system. 
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1.2 LC column characteristics 

 

    In LC separation technique, column characteristics may affect the separation 

profiles. LC separation is mainly categorized into normal-phase [15], reversed-phase 

[16,17], ion-exchange (IEC) [18], and size-exclusion (SEC) [19] modes, by 

interaction between analyte and stationary phase. In addition to the above-mentioned 

separation modes, Alpert et al. [20] proposed a new LC separation mode, named as 

hydrophilic interaction liquid chromatography (HILIC), which is characterized by the 

interaction of polar stationary phase with relatively nonpolar mobile phase. Yoshida 

[21] has applied an HILIC column for the separation of polar peptides with a linear 

gradient of 97 v/v% to 55 v/v% acetonitrile/0.1 v/v% trifluoroacetic acid. Li and 

Huang [22] achieved HILIC separation of epirubicin, a kind of antitumor polar 

antibiotics, under the elution of 20 mmol/L sodium formate buffer (pH 2.9)/90 v/v% 

acetonitrile. To date, a multiple LC separation modes have been proposed to achieve a 

simultaneous separation of analytes bearing diverse chemical properties such as size, 

polarity, and hydrophobicity in a single experimental run. The multiple column is 

called as a mixed-mode column, which is in combination with e.g., 

reversed-phase/IEC, reversed-phase/hydrophilic, and hydrophilic interactions/IEC 

[23]. Yang and Geng [24] reported that a reversed-phased/IEC mixed-mode column 

was able to separate positive, negative, and neutral compounds in a single 
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high-performance LC (HPLC) assay. Another combinatory mixed-mode column, 

HILIC/strong cation-exchange column [25] or reversed-phase/strong cation-exchange 

column [26] was also useful for the separation of polar and small peptides according 

to their combinational interaction on stationary phase. In the case of IEC-based 

mixed-mode column, elution of analyte from the column is based on the removal of 

ionic interaction of target with IEC by pH in mobile phase. In general, silica gel is 

widely used for HPLC column, since silica gel possesses high resistance for pressure 

and high number of theoretical plates [22]. However, silica gel-based HPLC columns 

are restrictive for the separation in acidic mobile phase conditions due to their poor 

alkaline stability. Thus, the restrictive characteristics of silica gel-based columns may 

limit the development of mixed-mode column. In contrast, polymer-based HPLC 

columns could promote their widespread use in a variety of acid-alkaline mobile 

phases. In addition, polymer-based resin is capable of quantitative chemical 

modification (or regulation of the amount of IEC groups onto polymer units). As 

summarized in Table 1-1, polymers for HPLC resin are categorized into hydrophilic 

ones [polyvinylalcohol and polyvinylacetate (co)polymers] and hydrophobic ones 

[polystyrene and polyvinylbenzene (co)polymers] [27–39]. 

In this study, we evaluated two types of copolymer columns (HILIC and 

reversed-phase/cation exchange mixed-mode) for food analysis. Targeted analytes for 

each column separation were rare sugars and catecholamines, since both chemicals 
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may have difficulty in the separation on common columns owing to their structural 

similarity and ionic properties. 
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Table 1-1 Common polymer for liquid chromatography column  

Polymer Category Monomer Application [reference] 

poly(acrylate) 

 

hydrophilic acrylate 

 
peptides [27] 

poly(methacrylate) 

 

hydrophilic methacrylate 

 
pesticides [28]  
aliphatic amines [29] 
polyfluorocarboxylic acids [30] 
carboxylic acids [31] 

poly(styrene) 

 

hydrophobic styrene 

 
phenols [32] 
amino acids [33] 

poly(vinylalcohol) 

 

hydrophilic vinylalcohol 

 
opioid peptides [34] 

poly(vinylacetate) 

 

hydrophobic vinylacetate 

 
amino acid [35] 

poly(divinylbenzene) 

 

hydrophobic divinylbenzene 

 
anion compounds [36]  
polynuclear aromatic hydrocarbons [37] 

poly(styrene-divinylbenzene) 

 

hydrophobic styrene-divinylbenzene 

 
protein and peptides [38,39] 
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1.3 Rare sugars 

 

    Currently, the incidence of lifestyle-related diseases such as obesity, diabetes, 

hypertension, and hyperlipidemia have been increasing, owing to excess intake of 

high-fat and high-sugar diets. As summarized in Table 1-2, many rare sugars have 

been identified in nature so far [68]. Rare sugars, monosaccharides with low-calorie, 

have been paid in great attention for food researchers. Matsuo et al. [69] reported that 

D-psicose, a non-reducing rare sugar with sweet taste, showed anti-obestic effect in 

animal experiment. One gram of D-psicose produced 0.007 kcal, obviously lower than 

sucrose (2.29 kcal) and D-fructose (1.76 kcal) [69]. Previous studies have already 

reported that rare sugars themselves possessed physiological potentials such as 

anti-hyperglycemic (D-psicose [40–42]), anti-hyperlipidemic (D-psicose [40,41,44]; 

D-xylose [67]), anti-inflammatory (D-psicose [40,41,43]; D-allose [55,57,58]), 

neuroprotective (D-psicose [40,41,45]; D-allose [55,62]), anti-tumor (D-allose [55,56]), 

anti-cancer (D-allose [55,56]), anti-osteoporotic (D-allose [55,60]), anti-hypertensive 

(D-allose [55,61]), immunosuppressant (D-allose [55,63]), anti-atherosclerotic effects 

(D-psicose [40,41,47]), and anti-diabetic effect (D-psicose [40,41,48–50]). 

    The separation of monosaccharides has been encounting analytical challenges, 

because monosaccharides or rare sugars are highly hydrophilic and polar compounds. 

TLC [70], HPLC [71], GC [72], high-performance anion-exchange chromatography 
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with pulsed amperometric detection (HPAEC-PAD) [73], capillary electrophoresis 

(CE) [74], and nuclear magnetic resonance (NMR) [75] have been developed for 

monosaccharide detection. Chemical derivatization of monosaccharides using 

p-aminobenzoic ethyl ester (ABEE) [76–80] (Fig. 1-2) and 

1-phenyl-3-methyl-5-pyrazolone (PMP) (Fig. 1-3) [76,77] seems to be acceptable for 

high sensitive detection using common reversed-phase column, but tedious 

derivatization procedures may cause the lack of rapidity and simplicity for assay. 

Therefore, a single column separation of monosaccharides is still desired, and a 

HILIC column separation may be a convenient assay with RI-HPLC. However, there 

was no report on simultanoues assay for rare sugars in a single HILIC column. Thus, 

in Chapter II, considering strong interaction of polar rare sugars with HILIC column, 

simultanoues assay for rare sugars was established on a copolymer HILIC column; the 

column used in this study was composed of ethyleneimine monomeric unit in polymer 

chain, causing higher affinity of rare sugars with resin by imine-induced strong base 

property. 
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Table 1-2 Physiological functions of rare sugars 

Rare sugar   Structure Physiological function [reference] 

D-psicose 

 

anti-hyperglycemic [40–42] 
anti-inflammatory [40, 41, 43] 
anti-hyperlipidemic functions [40, 41, 44] 
neuroprotective effect[40,41,45] 
ROS scavenging activity [40,41,46] 
therapeutic effect against atherosclerosis [40,41,48] 
anti-diabetic effect [40,41,48–50] 
anti-obesity activity [40,41, 50–52] 

D-tagatose 

 

anti-diabetic effect [53,54] 
obesity control [53,54] 
blood metabolite regulator [53] 
anti-aging property [53] 
anti-oxidation [53] 

D-allose 

 

anti-tumor [55,56] 
anti-cancer [55,56] 
anti-inflammatory effect [55,57,58] 
cryoprotective effect [55,59] 
anti-osteoporotic effect [55,60] 
anti-hypertension [55,61] 
neuroprotective effect [55,62] 
immunosuppressant [55,63] 
anti-oxidation [55,64] 

D-sorbose 

 

improving glucose metabolism [65] 
inhibitory effect of disaccharides activity [66] 

D-xylose 

 

alleviating adipogenesis and dyslipidemia,  
and improving lipid oxidation [67] 
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Fig. 1-2 Scheme of p-aminobenzoic ethyl ester (ABEE) derivatization reaction 

with glucose. 
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Fig. 1-3 Scheme of 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatization 

reaction with glucose.  
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1.4 Catecholamines 

 

 Catecholamines are a group of o-dihydroxylbenzene bearing amine groups. As 

shown in Fig. 1-4, in the brain, tyrosine (or phenylalanine) can be metabolized to 

form dopamine (DA). DA is then converted to produce norepinephrine (NE) and 

epinephrine (E) as neurotransmitter. In the catecholamine metabolism in the brain, 

3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 

3-methoxy-4-hydroxyphenylglycol (MHPG) are thought to be an end-product of the 

catecholamine metabolic pathways [81,82]. They also play a role as a mediator for 

neurophysiological signaling regarding memory, recognition, learning, and hormone 

release [83]. Also, polyphenol structures such as catechins, and caffeoyl compounds, 

showing diverse preventive effects against lifestyle-related diseases contain catechol 

moiety. Therefore, convenient and reliable analytical assay system for catecholamines 

and their analogues in a single chromatographic run would allow us to understand the 

overall metabolism and bioavailability. 

Thus far, ECD-HPLC has been widely used for catecholamine assay with 

high sensitivity [84], since a target catechol moiety is electrochemically active. 

However, limited HPLC conditions (isocratic elution) to maintain the stability of ECD 

detector or stable baseline often cause the restrictive chromatographic separation of 

analytes. LC-MS assay may be an alternative catecholamine assay, because of its high 
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selective property on the basis of target mass unit (m/z). However, successful 

m/z-based MS detection of catecholamines may be closely associated with adequate 

LC separation, since targeted catechols have high similarity in structure and m/z. Thus, 

in Chapter III, we propose a simultanoues assay system for catecholamines and the 

metabolites in a single LC-MS run by using a mixed-mode column for complete 

separation. 

In compliance to the aforementioned explanations and viewpoints, the proposing 

new analytical methods using chemically modified mixed-mode copolymer columns 

can be applied in the future to the analyses of not only the targets in this study, but 

also a variety of food compounds and metabolites in diverse matrices in one single 

HPLC and/or LC-MS run. 
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Fig. 1-4 Metabolism of catecholamines 
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Chapter II 

 

 

Discriminant analysis of reducing and non-reducing 

monosaccharides on a polyethyleneimine-attached polymer-based 

hydrophilic interaction liquid chromatography copolymer column 

 

 

2.1 Introduction 

 

    Rare sugars and monosaccharides, the simplest units of carbohydrates, play a 

crucial role in providing energy in our body. It has been reported that their effective 

health benefits by intake concern anti-oxidant [85,86], anti-hyperlipidemic, and 

anti-hyperglycemic effects [87,88]. For example, long-term intake of 5% D-psicose to 

Otsuka Long-Evans Tokushima Fatty (OLETF) rat, a model of type 2 diabetes, 

improved the impaired insulin sensitivity or glucose tolerance [48]. Hence, to date, 

research interest of rare sugars has grown in the prevention and improvement of 
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lifestyle-related diseases. 

    Analytical evaluation (qualification and quantification) of rare sugars or 

monosaccharides seems to be challenging owing to their similar structure and 

hydrophilicity (e.g. no retention on reversed-phase HPLC column [89]). Also, the lack 

of chromophoric or fluorophoric moiety in structure causes the poor detection by UV 

and FLD [90]. Additionally, MS analysis of monosaccharides also suffers from the 

low ionization efficiency of neutral chemical property [91]. To solve these problems 

for rare sugar detection, various techniques have been developed so for. 

Derivatization techniques by anthranilic acid and 1-pheny-3-methyl-5-pyrazolone 

(Figs. 1-2 and 1-3) have been proposed for successful UV-HPLC detection of 

common monosaccharides [92]. Meyer et al. [93] reported that p-aminobenzoic 

acid-derivatization successfully allowed the fluorescence detection of sugars at >50 

ng/mL by HPLC. However, derivatization aided-sugar analysis still has problems in 

terms of rapidity due to tedious procedures. Recently, a HILIC separation has been 

developed as a powerful methodology for carbohydrate assay [94]. Although 

aforementioned HPLC derivatization assay on reversed-phase column has a high 

sensitivity, RI-HPLC using a HILIC column may be convenient for the analysis of 

sugars, because of its rapidity in LC run. A selective evaporative light scattering 

detection (ELSD) -HPLC assay of a rare sugar, D-psicose, in various food products 

has been proposed on a carbamoyl-silica HILIC column with an isocratic elution of 5 
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mmol/L ammonium formate/82 v/v% acetonitrile (pH 5.5) [95]. However, no studies 

have been reported on simultaneous separation of rare sugars in a single HPLC assay 

owing to their similar chemical and structural properties. Thus, in this Chapter, by 

considering strong base property of imine group, an imine-induced polymer-based 

HILIC column was attempted to simultaneous separate rare sugars by RI-HPLC. In 

this study, a polyethyleneimine-induced glycidyl methacrylate-ethylene glycol 

dimethacrylate resin column was applied for the separation of seven monosaccharides, 

including five rare sugars, i.e., D-xylose, D-allose, D-psicose, D-sorbose, and 

D-tagatose. 

 

2.2 Material and Methods 

 

2.2.1 Materials   

 

    D-Glucose, D-xylose, tetrahydrofuran (THF), hexamethylenediamine (HMD), 

and sodium 1-octanesulfonate (OS) were purchased from Nacalai Tesque Inc. (Kyoto, 

Japan). D-Fructose was purchased from Wako Pure Chemical Industries Ltd. (Osaka, 

Japan). D-Psicose, D-sorbose, and sodium 1-propanesulfonate (PS) were purchased 

from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). D-Allose and D-tagatose 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). Pyridine was obtained 
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from Hayashi Pure Chemical Ind.,Ltd. (Osaka, Japan). Acetonitrile and 

N,N-dimethylformamide (DMF) were purchased from Kanto Chemical Co. (Tokyo, 

Japan). Deionized water was prepared using a Milli Q system (Millipore, Tokyo, 

Japan).  

 

2.2.2 HPLC analysis   

 

    An LC-10AD HPLC system (Shimadzu Co., Kyoto, Japan) connected with an 

RI-930 detector (JASCO, Tokyo, Japan) was used in this study. A 

polyethyleneimine-induced polymer-based HILIC column (4.6 mm I.D × 150 mm, 5 

µm) was a product of Mitsubishi Chemical Co. (Tokyo, Japan). The column was 

packed with glycidyl methacrylate-ethylene glycol dimethacrylate copolymer attached 

to 8 wt% polyethyleneimine. A polyamine-attached silica-based HILIC column was 

purchased from Shodex Co. (Asahipak NH2P-50 4D, Tokyo, Japan; 4.6 mm I.D × 150 

mm, 5 µm). 

    Chromatographic run was carried out at 40°C in an isocratic elution mode. Other 

conditions were discussed in the text later. The concentration of target 

monosaccharides dissolved in deionized water was set at 1.0 wt%. Sample solution 

was injected to RI-HPLC system with an injection volume of 10 µL. RI detection was 

performed in positive signal mode; detection range, 4 × 10-5 relative index unit (RIU); 



 20 

temperature, 40°C. The retention of analyte on column was calculated as a 

logarithmic retention factor (log k): log k = log [(t – t0)/t0], where t is a retention time 

of analyte. t0 was a retention time of injection peak. Resolution (Rs) value was 

calculated as Rs = (tR2 – tR1)/0.5 (W1 + W2), where tR1 and tR2 represent a retention 

time of target peaks (tR2 > tR1). W1 and W2 are a peak width of each peak. 

 

2.3 Results and Discussion 

 

2.3.1 Elution behavior of D-fructose on polyethyleneimine-attached HILIC column 

 

    Seven monosaccharides (Table 2-1), including five rare sugars (reducing aldoses: 

D-glucose, D-allose, and D-xylose; non-reducing ketoses: D-fructose, D-psicose, 

D-sorbose, and D-tagatose) were used to investigate the elution characteristics of the 

polyethyleneimine-attached HILIC column. To get an insight of the HILIC column 

characteristics, D-fructose (a typical non-reducing ketose) was used as typical 

monosaccharide. The effect of acetonitrile concentration on the retention of 

D-fructose was primarily investigated, since organic mobile solvents may be a crucial 

retention factor on a HILIC column. As shown in Fig. 2-1, elution of D-fructose on 

the imine-induced HILIC column was greatly influenced by acetonitrile concentration 

at a flow rate of 0.75 mL/min; obtained peak shapes were broadened with increasing 
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acetonitrile concentration (70–90 v/v%), together with the decrease of peak intensity. 

The logarithmic retention factor (log k) was also increased with increasing acetonitrile 

concentration; log k values of D-fructose on the HILIC column were 0.07, 0.18, 0.71, 

and 0.99 at 70 v/v%, 75 v/v%, 85 v/v%, and 90 v/v%, respectively. Fig. 2-1 also 

shows that at 95 v/v% acetonitrile, D-fructose could not be detected, owing to its high 

retention or broadened peak on the column. It was reported that a common 

silica-based HILIC column resulted in a higher retention of analyte by increasing the 

hydrophilicity of mobile solvent [96]. This indicates that the 

polyethyleneimine-attached HILIC column used in this study may possess the same 

elution characteristics as a common HILIC column.  
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Table 2-1 Chemical structure and properties of seven monosaccharides and rare 
sugars used in this study 

Category Reducing aldoses 
 

Monosaccharide D-glucose D-allose D-xylose 

 
 

Structure 
   

 

Index of refrection 
Density (g/cm3) 

1.573 
1.6 

1.573 
1.6 

1.544 
1.5 

 

 

Non-reducing ketoses 

D-fructose D-psicose D-sorbose D-tagatose 

   
 

1.574 
1.6 

1.574 
1.6 

1.574 
1.6 

1.574 
1.6 
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Fig. 2-1 RI-HPLC elution profiles of D-fructose on polyethyleneimine-attached 

HILIC column.  

RI-HPLC detection of 1.0 wt% D-fructose was performed on HILIC column packed 

with 8 wt% polyethyleneimine-attached copolymer resin with an isocratic elution of 

70, 75, 85, 90, or 95 v/v% acetonitrile at a flow rate of 0.75 mL/min at 40°C. The 

logarithmic retention factor (log k) of D-fructose was calculated by log k = log [(t – 

t0)/t0], where t is the retention time of analyte and t0 is the retention time of injection 

peak. * indicates t0.  
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2.3.2 Elution behavior of reducing and non-reducing monosaccharides on 

polyethyleneimine-attached HILIC column 

 

    To understand the elution characteristics of reducing and non-reducing 

monosaccharides on the polyethyleneimine-attached HILIC column, chromatographic 

runs of monosaccharides (Fig. 2-1) were performed with an elution of 90 v/v% 

acetonitrile at 0.75 mL/min, at which an appropriate retention of D-fructose was 

observed (Fig. 2-2). As a result, an individual injection of non-reducing ketoses 

(D-fructose, D-psicose, D-sorbose, and D-tagatose) was successfully detected by 

RI-HPLC on the HILIC column with log k values of 0.91, 0.67, 1.00, and 0.89 for 

D-fructose, D-psicose, D-sorbose, and D-tagatose, respectively. In contrast, reducing 

aldoses (D-glucose, D-allose, and D-xylose) could not be detected on the column, as 

seen in Fig. 2-2. As expected from the individual injection of non-reducing ketoses 

(Fig. 2-2), a single injection of five non-reducing ketoses revealed an appropriate 

separation when the elution was performed at 90 v/v% acetonitrile at 0.75 mL/min, 

compared to poor retention at 80 v/v% and 85 v/v% acetonitrile (Fig. 2-3). Further 

elution experiments were performed to improve the retention of non-reducing 

monosaccharides on the HILIC column as a function of flow rate at 90 v/v% 

acetonitrile. Fig. 2-4 shows the effect of flow rate (0.75, 0.8, 0.85, and 0.9 mL/min) 

on the retention of non-reducing monosaccharides. It was clear that an improved 
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resolution (Rs: D-psicose/D-tagatose, 7.51; D-tagatose/D-fructose, 0.91; 

D-fructose/D-sorbose, 1.81) was obtained at a flow rate of 0.9 mL/min; e.g., 0.75 

mL/min: Rs of D-psicose/D-tagatose, 3.73; D-tagatose/D-fructose, 0.44; 

D-fructose/D-sorbose, 1.19). At the flow rate of 0.9 mL/min, the elution of the four 

non-reducing ketoses was completed within 40 min on the present imine-attached 

HILIC column. Taken together, the polyethyleneimine-induced copolymer HILIC 

column could provide a sufficient separation and RI-detection of non-reducing 

ketoses when elution was conditioned in 90 v/v% acetonitrile at 0.9 mL/min and 40°C. 

In contrast, no peaks of reducing aldoses were observed when the elution was done at 

>80 v/v% acetonitrile at a flow rate of 0.75 mL/min (Fig. 2-3). On the other hand, a 

commercially available Shodex HILIC column coated with polyamine group revealed 

an individual detection or separation within 8–20 min when a mixture solution of 

either non-reducing or reducing monosaccharides was injected to the RI-HPLC (Fig. 

2-5); in turn, the narrow retention times of targets failed to achieve the complete 

separation of both non-reducing and reducing monosaccharides in a single 

polyamine-attached HILIC column. In addition, it was found that the 

polyethyleneimine-attached HILIC column has chromatographic advantage allowing 

the discriminant detection of only non-reducing ketoses at 90 v/v% acetonitrile at 0.9 

mL/min (Fig. 2-4).  
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Fig. 2-2 HPLC elution profiles of reducing and non-reducing monosaccharides 

on polyethyleneimine-attached HILIC column.  

RI-HPLC detection of 1.0 wt% monosaccharides by their individual injection was 

performed on the column with 90 v/v% acetonitrile elution at 0.75 mL/min at 40°C. 

Monosaccharides (reducing aldose: D-glucose, D-allose, D-xylose; non-reducing 

ketose: D-fructose, D-psicose, D-sorbose, D-tagarose) were individually injected (10 

µL) to RI-HPLC system. A number in parentheses indicates the log k value of each 

monosaccharide. * indicates t0.  
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Fig. 2-3 Effect of acetonitrile concentration on HPLC elution of either a mixture 

of reducing aldoses or non-reducing ketoses on polyethyleneimine-attached 

HILIC column. 

A mixture of each 1.0 wt% reducing aldose (D-glucose, D-allose, D-xylose) or a 

mixture of each 1.0 wt% non-reducing ketose (D-fructose, D-psicose, D-sorbose, 

D-tagarose) was injected to RI-HPLC with an elution of 80, 85, or 90 v/v% 

acetonitrile at a flow rate of 0.75 mL/min and a temperature of 40°C. 

Non-reducing ketoses Reducing aldoses

80% acetonitrile

85% acetonitrile

90% acetonitrile

m
A

U

0 20 40 60

50

100

150

200

Retention time (min)
0 20 40 60

Retention time (min)

0 20 40 60
Retention time (min)

0 20 40 60
Retention time (min)Retention time (min)

0 20 40 60

D-Psicose

D-Sorbose

D-Tagatose

D-Fructose

m
A

U

50

100

150

200

Retention time (min)
0 20 40 60

D-Psicose
D-Tagatose + D-Fructose

D-Sorbose

m
A

U

50

100

150

200



 28 

 

 

Fig. 2-4 Effect of flow rate on the chromatographic separation of a mixture of 

non-reducing ketoses on polyethyleneimine-attached HILIC column. 

A mixture of each 1.0 wt% non-reducing ketose (D-fructose, D-psicose, D-sorbose, 

D-tagarose) was injected to RI-HPLC with an elution of 90 v/v% acetonitrile a flow 

rate of 0.8, 0.85, or 0.9 mL/min and a temperature of 40°C.  
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Fig. 2-5 HPLC profiles of reducing aldoses or non-reducing ketoses on 

polyamine-attached or polyethyleneimine-attached HILIC column. 

A mixture solution of 1.0 wt% non-reducing ketose (D-fructose, D-psicose, D-sorbose, 

D-tagarose) or a mixture solution of 1.0 wt% reducing aldoses (D-glucose, D-allose, 

D-xylose) was injected to RI-HPLC with an elution of 90 v/v% acetonitrile at a flow 

rate of 0.9 mL/min and a temperature of 40°C.  
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2.3.4 RI-HPLC detection of reducing aldoses on polyethyleneimine-attached HILIC 

column 

 

    It has been reported that an amino group-induced resin may form the Schiff-base 

with reducing aldoses, which may cause high retention or no elution on column [89]. 

To solve the issue, additives and buffers as a modifier of mobile phase are often 

applied to improve insufficient elution profile of reducing aldoses by ion exchange 

capacity or pH [97]. Therefore, in order to accomplish the compete detection of the 

three reducing aldoses (D-glucose, D-allose, and D-xylose) on the imine-induced 

HILIC column, the effect of additives into acetonitrile was then investigated to 

overcome the no RI-detection of aldoses in this study (Figs. 2-2, 2-3, and 2-5). Six 

additives were used, including 0.1 v/v% pyridine, 0.1 v/v% tetrahydrofuran (THF), 

0.1 v/v% N,N-dimethylformamide (DMF), 0.1 v/v% hexamethylenediamine (HMD), 

1 mmol/L sodiumn 1-propanesulfonate (PS), and 1mmol/L sodium 1-octanesulfonate 

(OS). The mobile phase of 80 v/v% acetonitrile at 0.75 mL/min was used in this study, 

since a significant peak of reducing aldoses was observed only at the above elution 

conditions, though their RI intensity was still low (Fig. 2-3). Six cationic and anionic 

additives elected for this study (Fig. 2-6) were expected to suppress the strong 

Schiff-base interaction of analyte with polyethyleneimine moiety of the HILIC 

column by reducing ion pairing or the Schiff-base formation. As shown in Fig. 2-6, 
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however, cationic ion-pair reagents (pyridine, THF, DMF, and HMD) did not show 

any significant improvement of poor RI-detection of the three targeted aldoses. This 

indicated that pyridine, THF, DMF, and HMD had less ability to reduce the strong 

interaction of aldoses with the imine-induced HILIC column (Fig. 2-6). In contrast, a 

significant enhancement of RI-detection intensity and retention of reducing aldoses 

was obtained by the addition of 1 mmol/L PS and 1 mmol/L OS anionic ion-pair 

reagents (pH 4.8, adjusted with 5 mmol/L NaH2PO4), both of which are potent 

ion-pair reagents for solid phase extraction [98]. This indicates that anionic reagents 

weakened the interaction or high retention of aldoses with the imine-induced HILIC 

column by strong counter-ionic effect. The improvement of Rs by OS was greater 

than that by PS on the polyethyleneimine-attached HILIC column (Rs of PS: 

D-xylose/D-allose: 1.00, D-allose/ D-glucose: 1.57; Rs of OS: D-xylose/D-allose: 1.63, 

D-allose/ D-glucose: 1.37). The chain length of OS (C8) is longer than PS (C3), 

possibly providing strong ion-paring interaction [99]. The present finding on OS was 

in good agreement with the report by Fan et al, [100], who achieved an improved 

separation of nucleoside reverse transcriptase inhibitors by 8 mmol/L OS addition. 

The pH of solution may also affect the elution characteristics of ion-pair reagents 

[101], as discussed in the next section. 
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Fig. 2-6 Effect of ion-pair additives on the detection and separation of reducing 

aldoses on polyethyleneimine-attached HILIC column.  

A mixture of 1.0 wt% reducing aldose (D-glucose, D-allose, D-xylose) was injected to 

RI-HPLC with an elution of 80 v/v% acetonitrile containing ion-pair reagent at 0.75 

mL/min at 40°C. Ion-pair reagents used in this experiment were 0.1 wt% pyridine, 0.1 

wt% THF, 0.1 wt% DMF, 0.1 wt% HMD, 1 mmol/L PS (pH 4.8), and 1 mmol/L OS 

(pH 4.8).  
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2.3.5 Simultaneous detection of reducing and non-reducing monosaccharides on 

polyethyleneimine-attahced HILIC column  

 

    The elution of 80 v/v% acetonitrile/1 mmol/L OS (pH 4.8) as mobile phase 

enabled a successful detection and separation of the three reducing aldoses on the 

imine-induced HILIC column at the flow rate of 0.75 mL/min (Fig. 2-6). However, all 

the monosaccharides (i.e., a mixture of three reducing aldoses and four non-reducing 

ketoses) were not separated individually at any elution conditions in this study (Fig. 

2-7). Thus, further experiments to achieve simultaneous separation and detection of 

both reducing and non-reducing sugars on the imine-induced HILIC column (flow 

rate: 0.75 mL/min, 40°C) were attempted. As shown in Fig. 2-7, the increase in 

acetonitrile concentration (70 v/v% to 85 v/v%) caused a great improvement of 

OS-aided separation of the seven monosaccharides on the polyethyleneimine-attached 

HILIC column, while a simultaneous separation of each analyte was not fully 

achieved at 85 v/v% acetonitrile containing 1 mmol/L OS (pH 4.8). By increasing OS 

concentration to 5 mmol/L, a complete separation of all the seven monosaccharides 

was obtained as shown in Fig. 2-7. Considering the limited solubility of 5 mmol/L OS 

in >90 v/v% acetonitrile solution, the elution composed of 85 v/v% acetonitrile 

containing 5 mmol/L (pH 4.8) was thought to be the optimal separation conditions for 

both non-reducing and reducing monosaccharides when the imine-induced HILIC 
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column was used at 0.75 mL/min. Fig. 2-7 also revealed that at the elution condition 

of 90 v/v% acetonitrile without additives, only the four non-reducing 

monosaccharides were eluted on the HILIC column when the mixture of reducing and 

non-reducing monosaccharides was injected, in good agreement with the results in Fig. 

2-3. Next, the effect of pH on the separation of the mixture of seven monosaccharides 

under the aforementioned optimal elution conditions was examined. At alkaline pHs 

of 7.5 and 9.5, each peak was broadened and/or disappeared, as compared to the 

elution at pH 4.8 (Fig. 2-8). It was known that the ability of ion-pair reagents vary 

with pH [101], so that the cationic status of the (poly) ethyleneneimine group at pH 

4.8 (pKa 7.0 [102]) may lead to the ion-pair interaction with anionic OS to prevent the 

Schiff-base formation of the reducing aldoses with the polyethyleneimine-attached 

HILIC column.  
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Fig. 2-7 Simultaneous detection of both reducing aldoses and non-reducing 

ketoses on polyethyleneimine-attached HILIC column. Each 1.0 wt% reducing 

aldose (D-glucose, D-allose, D-xylose) and non-reducing ketose (D-fructose, D-psicose, 

D-sorbose, D-tagarose) were mixed and injected to RI-HPLC at 0.75 mL/min at 40°C. 

Elution experiments were performed at each isocratic elution condition of 70, 80, or 

85 v/v% acetonitrile containing 1 mmol/L OS (pH 4.8), or 85 v/v% acetonitrile 

containing 5 mmol/L OS (pH 4.8). Elution with 90 v/v% acetonitrile without additives 

was also performed.  
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Fig. 2-8 Effect of pH on the separation of a mixture of four non-reducing ketoses 

and three reducing aldoses on polyethyleneimine-attached HILIC column.  

HPLC profiles of a mixture of seven monosaccharides (D-psicose, D-xylose, 

D-fructose, D-tagatose, D-allose, D-sorbose, and D-glucose; each concentration, 1.0 

wt%) were obtained at the following elution conditions: 85 v/v% acetonitrile 

containing 5 mmol/ L OS (pH 4.8, 7.5, or 9.6) at a flow rate of 0.75 mL/min. The 

chromatogram at pH 4.8 was the same as Fig. 2-5.  
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2.4. Summary 

 

In this Chapter II, it was demonstrated that a polyethyleneimine (8 wt%) attached 

copolymer-based HILIC column enables the discriminant RI-HPLC analysis of 

non-reducing ketoses at the elution with 90 v/v% acetonitrile at a flow rate at 0.9 

mL/min at 40°C without any derivatization. Alternatively, elution with 85 v/v% 

acetonitrile containing 5 mmol/L OS (pH 4.8) at 0.75 mL/min allowed the 

simultaneous detection of both reducing and non-reducing monosaccharides on the 

imine-induced HILIC column. Thus, we can choice the chromatographic way for the 

detection of either non-reducing or non-reducing/reducing monosaccharides on a 

single imine-induced HILIC column by changing the composition of mobile phase. 
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Chapter III 

 

 

Simultaneous analysis of catecholamines and the metabolites on a 

sulfonated mixed-mode copolymer column 

 

 

3.1 Introduction 

 

    Catecholamines, including dopamine (DA), norepinephrine (NE), and epinephrine 

(E), together with their metabolites, 3,4-dihydroxy phenylacetic acid (DOPAC), 

homovanillic acid (HVA), and 3-methoxy-4-hydroxyphenylglycol (MHPG), are 

recently highlighted as diagnostic and therapeutic metabolites in neurobiology 

[103,104]. UV-, FLD-, ECD-, MS- or tandem-mass spectrometry (MS/MS)-HPLC has 

been a trend in technique for catecholamine assay [105]. Among the techniques, 

ECD-HPLC is the most common technique for catecholamine assay, since an ECD 

detection is highly sensitive for electrochemically active catecholamines [106]. 
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However, ECD-HPLC assay for catecholamines is limited for complete 

chromatographic separation due to a restrictive isocratic elution [105,107,108]. 

Although Sasaki et al. [109] proposed a simultaneous ECD-HPLC assay of seven 

catecholamine metabolites in human urine by a gradient elution mode of methanol, a 

severely controlled ECD condition required a long elution time of >100 min. Thus, an 

LC-MS or LC-MS/MS has been currently applied for catecholamine assay instead of 

the use of ECD-HPLC [110], although the limited volatile mobile phase for 

MS-electrospray ionization (ESI) may cause poor chromatographic separation on 

common reversed-phase column. A challenging separation of catecholamines and 

their metabolites using a cation-exchange/reversed-phase (mixed-mode) column was 

performed by the aid of fluorescence derivatization [111]. The mixed-mode column 

with pH gradient elution achieved an adequate LC separation, while the 

imidazole-derivatization of catecholamines still involved tedious analytical 

procedures [111]. Thus, to establish a convenient and direct assay for catecholamines 

and their metabolites, an LC-MS-based assay, using a cation-exchange/reversed-phase 

mixed-mode column was newly developed in this study. It was reported that the 

separation of catecholamines may affected by reversed-phase chromatography and 

cation exchange chromatography [112]. A strong cation-exchange resin coated with 

sulfonyl groups may allow the separation of catecholamines by ion-exchange property. 

A column packed with ethylstyrene-divinylbenzene copolymer resin attached sulfonyl 
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groups was used for catecholamine assay in this study, since the column was found to 

be sufficient for the separation of basic dipeptides [113] . 

    In this Chapter III, the mixed-mode of cation exchange/reversed-phase 

copolymer column packed with ethylstyrene-divinylbenzene resin coated with 

sulfonyl groups was used to establish a simultaneous assay for catecholamines and 

their metabolites by a single LC-MS technique without any derivatization techniques.  

 

3.2 Experimental 

 

3.2.1 Reagents and chemicals 

 

L-Norepinephrine hydrochloride (NE), (±) epinephrine hydrochloride (E), 

and 3-methoxy-4-hydroxyphenylglycol hemipiperazinium salt (MHPG) were 

purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). 

3,4-Dihydroxyphenylacetic acid (DOPAC) was purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Dopamine hydrochloride (DA), homovanillic 

acid (HVA), ammonium hydroxide, ammonium acetate, and ammonium formate were 

purchased from Nacalai Tesque Inc., (Kyoto, Japan). Tetraethylammonium hydroxide 

(TEA) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 

LC-MS grade formic acid (FA), acetonitrile, and water as LC-MS grade were 
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obtained from Merck Millipore (Darmstadt, Germany). LC-MS grade methanol was 

purchased from Kanto Chemical Co. (Tokyo, Japan). Other chemicals used in this 

study were of analytical reagent grade. 

 

3.2.2 LC-TOF/MS analysis 

 

A standard mixture of six catecholamine metabolites (DA, NE, E, DOPA, 

HVA, and MHPG) was prepared in LC-MS grade water at each concentration of 50.0 

µmol/L. Twenty microliter of the standard mixture was injected into an LC-TOF/MS 

system. LC chromatography was performed on an Agilent 1200 series HPLC (Agilent 

Technologies, Waldbronn, Germany). Chromatographic separation was performed on 

an ethylstyrene-divinylbenzene copolymer column packed with 0.81 wt% sulfonyl 

group (MCl GELTM CHK40/C04, 2.1 mm I.D. × 100 mm, 4 µm, Mitsubishi Chemical 

Co., Tokyo, Japan) or a column without sulfonyl group (MCl GELTM CHP20/C04, 2.1 

mm I.D. × 100 mm, 4 µm) at 40°C. A linear gradient elution of mobile phase A to B 

(20 min) was performed at 0.20 mL/min. Optimization of mobile phase for LC 

separation is discussed in the latter section. A time-of-flight (TOF)/MS analysis was 

performed on a micrOTOF-Ⅱ mass spectrometer (Burker Daltonics, Bremen, 

Germany) in negative ESI mode. MS spectral data were collected at a range of 50 to 

500 m/z. The ESI-MS conditions were as follows: dry N2 gas flow, 8.0 L/min; drying 
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temperature: 200°C; nebulizer pressure: 1.6 bar; capillary voltage: 3,800 V; capillary 

exit: -100 V; and hexapole RF: 100 Vpp. Targeted DA, NE, E, DOPAC, HVA, and 

MHPG were identical at m/z 152.0706, m/z 168.0655, m/z 182.0812, m/z 167.0339, 

m/z 181.0495, m/z 183.0652, respectively, by Bruker Data Analysis version 3.2 

software. 

 

3.2.3 Linearity and validation 

 

       Under the optimized LC-TOF/MS conditions the linearity, coefficient of 

variation (CV), lower limit of detection (LOD), and lower limit of quantification 

(LOQ) were validated for catecholamines and their metabolites. LOD and LOQ were 

defined as the concentration yielding to the signal to noise ratio (S/N) of 3 and 10, 

respectively. Samples were analyzed in triplicate for individual concentrations. 

 

3.2.4 Preparation of mouse brain tissues 

 

Brain tissues used in this study were obtained from three 9-week old male 

ICR mice with 30–40 g body weight [Crl:CD1(ICR), Charles River Japan, Kanagawa, 

Japan]. All mice were housed for 1 week under controlled temperature at 21 ± 1°C, 

humidity at 55 ± 5%, and lightening from 8:00 to 20:00. The mice were fed rodent 



 43 

diet CE-2 (CLEA Japan, Tokyo, Japan) and water ad libitum. Animal experiments 

were handled in accordance with the Proper Conduct of Animal Experiments and 

Related Activities in Academic Research Institutions under the competence of the 

Ministry of Education, Culture, Sports, Science, and Technology in Japan. The Ethics 

Committee on Animal Experiments at Fukuoka University approved all experimental 

protocols (permit number: 1715152). Mice fasted for 16 h were sacrificed after 

anesthetization with 25% urethane (Sigma-Aldrich Co.). Whole brain was then 

removed from the mice by decapitation and weighed. Brain samples were 

immediately frozen in liquid N2 and stored at -80°C until LC-TOF/MS analysis. The 

brain sample was mashed with a Bio-masher (Nippi Inc., Tokyo, Japan), and 

lyophilized to dryness. Brain powder (50 mg) was accurately weighted, and dissolved 

in 3 mL of 0.1 v/v% FA solution. The solution was subjected to sonication with a 

Sonifier 250 (Branson Ultrasonics, CT, USA) for 3 cycles of 30 s at output control 3, 

followed by homogenization for 2 cycles of 60 s at 20,000 rpm with a Polytron 

PT2500E homogenizer (Kinematica, Luzern, Switzerland) on ice. The obtained 

homogenate was then centrifuged at 14,000 × g for 15 min at 4°C. The supernatant 

was filtered through Amicon 3K (Merck Millipore), followed by the evaporation to 

dryness. The dried brain sample was dissolved in LC-MS grade water prior to 

LC-TOF/MS analysis. 
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3.3 Results and Discussion 

 

    As depicted in Fig. 1-4, DA derived from tyrosine (or phenylalanine) is a 

precursor of monoamine neurotransmitters (NE and E), and it also enters the DOPAC 

and HVA (an end-product of DA metabolism) production pathway [81]. MHPG is also 

known to be an end-product of the NE/E metabolic pathway [82]. Therefore, the 

simultaneous determination of catecholamines and the metabolites including the two 

end-products, would allow us to better understand the overall brain homeostasis. 

 

3.3.1 Application of sulfonated mixed-mode copolymer column for the separation of 

catecholamines and the metabolites 

 

    To get the chromatographic characteristics of polymer-based reversed-phase 

HPLC columns, two types of column packed with ethylstyrene-divinylbenzene 

copolymer resin were used for catecholamine assay (Fig. 3-1). LC-TOF/MS 

experiments were primarily performed using a MCl GELTM CHP20/C04 column (no 

attached sulfonyl groups) with a linear elution gradient ranging from 0 to 50 v/v% 

methanol containing 0.1 v/v% FA. As shown in Fig. 3-2, all the six metabolites (50.0 

µmol/L) were detected according to their corresponding m/z value in a negative 

ESI-ionization mode. However, the elution profiles observed in Fig. 3-2 were clearly 
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divided into two groups. DA, NE, and E, bearing sulfonyl groups were not retained on 

the reversed-phase copolymer column attached no sulfonyl groups (retention time of 

<2 min); while DOPAC, HVA, and MHPG, bearing no amino groups exhibited a 

significant retention on the column (retention time of DOPAC, 24.0 min; HVA, 30.9 

min; MHPG, 22.0 min). Therefore, the reversed-phase copolymer 

(ethylstyrene-divinylbenzene) column was suitable for the retention of neutral 

catecholamines of DOPAC, HVA, and MHPG by their hydrophobic interaction with 

copolymer column. In contrast, no retention of catecholamines bearing amino groups 

on the reversed-phase copolymer column (Fig. 3-2A) may be due to their polar 

cationic property in structure. Ion-exchange interactions on the column were, thus, 

expected to be crucial in achieving the retention of catecholamines bearing amino 

groups. Tsunoda and Imai [114] have reported the advantage of cation-exchange 

column for pre-extraction of catecholamines from blood. Thus, further separation 

experiments were performed using a partially sulfonated (0.81 wt%) 

ethylstyrene-divinylbenzene copolymer column (MCl GELTM CHK40/C04). The 

mixed-mode cation-exchange/reversed-phase copolymer column was reported to 

show an appropriate retention of basic dipeptides by both ionic and hydrophobic 

interactions [113]. As shown in Fig. 3-2B, a good separation and retention of the three 

metabolites (DOPAC, HVA, and MHPG) were obtained on the mixed-mode column, 

as similar to the non-sulfonated column (MCl GELTM CHP20/C04) (Fig. 3-2A). This 
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indicates that the partially sulfonated ethylstyrene-divinylbenzene copolymer column 

still possessed the similar hydrophobic interaction characteristic as common 

reversed-phase column. In contrast, the mixed-mode column used in this study could 

not separate catecholamines. Considering the reported strong ionic interaction of 

small amines with cation-exchange stationary phase [115], no detection of 

catecholamines (Fig. 3-2B) may be caused by their high retention onto the resin. 
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Fig. 3-1 Ethylstyrene-divinylbenzene copolymer columns used in this study.  

MCl GELTM CHP20/C04) as no sulfonated column (2.1 mm I.D. × 100 mm, 4 µm) 

MCl GELTM CHK40/C04 as 0.81 wt% sulfonated column (2.1 mm I.D. × 100 mm, 4 

µm). 
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Fig. 3-2 Elution profiles of catecholamines and the metabolites on either 

copolymer column containing (A) no or (B) 0.81 wt% sulfonyl groups by negative 

ESI-LC-TOF/MS. 

Identical mixtures of six catecholamine metabolites, each at a concentration of 50.0 

µmol/L, were assayed on either copolymer column with or without sulfonyl groups. 

Linear elution was performed using 0 to 50 v/v% methanol in 0.1 v/v% FA at a flow 

rate of 0.20 mL/min at 40°C. Other LC-MS conditions were described in the 

Experimental section. 
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3.3.2 Elution of catecholamines on a sulfonated mixed-mode copolymer column 

 

    Provided that no LC-TOF/MS detection of catecholamines (DA, E, and NE) on 

sulfonated mixed-mode column (Fig. 3-2) were caused by their high retention in an 

elution condition of methanol containing 0.1 v/v% FA, further elution experiments 

were performed using volatile cationic additives (ammonium hydroxide and TEA) and 

volatile ion-pairing MS reagents (ammonium acetate and ammonium formate) in 50 

v/v% methanol as mobile phase B. The concentration of each additive in the methanol 

mobile phase was 10 mmol/L, except for 1 mmol/L TEA. As shown in Fig. 3-3, 

cationic additives (ammonium hydroxide and TEA) and ammonium acetate failed to 

elute the three catecholamines on the sulfonated mixed-mode column. In contrast, the 

addition of 10 mmol/L ammonium formate into mobile phase B resulted in a 

successful elution of catecholamines from the sulfonated mixed-mode column 

possibly by reducing the ionic interaction with ammonium acetate. It is known that in 

negative ESI-MS a volatile ion-pairing reagent may form additive ion complex such 

as [M + CH3COO]– and [M + HCOO]–, causing the reduction of MS intensity [116]. 

However, in this study no [M + NH4COO]– ion complex was observed when 10 

mmol/L ammonium formate was added into 50 v/v% methanol (data not shown). 

Therefore, the low MS signal intensities of catecholamines observed in Fig. 3-3 

suggested that some catecholamines still retained on or were not completely eluted 
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from the sulfonated mixed-mode column. 

 

3.3.3 Optimization of LC-TOF/MS assay for catecholamines and the metabolites on 

a sulfonated mixed-mode copolymer column 

 

    To improve the low MS signal intensity of catecholamines in 50 v/v% methanol 

containing 10 mmol/L ammonium formate (Fig. 3-3D), effect of the concentration of 

ammonium formate (1, 10, and 50 mmol/L in 50 v/v% methanol) on MS signal 

intensity was investigated. As shown in Fig. 3-4A to 3-4C, increasing concentration of 

ammonium formate in mobile phase B slightly improved of MS intensity. In 50 

mmol/L ammonium formate in 50 v/v% methanol, each catecholamine (DA, NE, and 

E) was successfully eluted, while the corresponding MS signal intensities were still 

weak on the sulfonated mixed-mode column. This indicated that the high retention (no 

or less elution) of catecholamines and the metabolites on the sulfonated mixed-mode 

column was cleaved by ammonium formate-aided ionic/acetonitrile-aided 

hydrophobic properties. Considering the strong solvent effect of acetonitrile compared 

to methanol [117], acetonitrile was then used as mobile phase B containing 50 mmol/L 

ammonium formate. As a result of the use of acetonitrile, the inferior MS signal 

intensity observed in Fig. 3-4C was markedly improved on the sulfonated 

mixed-mode column (Fig. 3-4D). To confirm the complete separation and detection of 
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all the six catecholamines and the metabolites at the optimized LC-TOF/MS 

conditions, the mixture of the six targets were injected to the system. As a result, all 

the six catecholamies and the metabolites were successfully separated and 

simultaneously detected on the sulfonated mixed-mode column within 25 min (Fig. 

3-5A). The retention times of DA, NE, E, DOPAC, HVA, and MHPG at 0.20 mL/min 

and 40°C on the sulfonated mixed-mode column were 24.2, 20.6, 22.8, 17.6, 20.0, and 

16.6 min, respectively. As summarized in Table 3-1, MS detection of each metabolite 

gave a linear regression at concentrations between 0.1–50.0 µmol/L of DA, NE, E, and 

HVA or 2.5–25.0 µmol/L of DOPAC and MHPG (r > 0.991). LOD was ranged from 

12.6 nmol/L for NE to 3.2 µmol/L for MHPG. CV was ranged from 1 to 15 % (at each 

concentration of 50.0 µmol/L). These results strongly demonstrated that the proposed 

LC-TOF/MS assay using sulfonated mixed-mode copolymer column can be used for 

simultaneous catecholamine detection with high sensitivity and reproducibility. 
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Fig. 3-3 Effect of volatile additives on elution of catecholamines on a sulfonated 

mixed-mode column by negative ESI-LC-TOF/MS.  

Elution of DA, NE, and E was performed using water containing 0.1 v/v% FA to 50 

v/v% methanol containing either (A) 10 mmol/L ammonium hydroxide, (B) 1 mmol/L 

TEA, (C) 10 mmol/L ammonium acetate or (D) 10 mmol/L ammonium formate at a 

flow rate of 0.20 mL/min and at 40°C over 20 min. Other LC-MS conditions were 

described in the Experimental section. N.D., not detected. 
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Fig. 3-4 Effect of concentration of ammonium formate on the elution of 

catecholamines on a sulfonated mixed-mode column by negative 

ESI-LC-TOF/MS. 

Elution of 50.0 µmol/L DA, NE, and E was performed using water containing 0.1 

v/v% FA to 50 v/v% methanol containing (A) 1 mmol/L, (B) 10 mmol/L, and (C) 50 

mmol/L ammonium formate or (D) water containing 0.1 v/v% FA to 50 v/v% 

acetonitrile containing 50 mmol/L ammonium formate at a flow rate of 0.20 mL/min 

at 40°C. Other LC-MS conditions were described in the Experimental section. N.D., 

not detected.
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Fig. 3-5 Typical LC-TOF/MS chromatograms of six catecholamine metabolites on 

a sulfonated mixed-mode copolymer column in (A) a standard solution (50.0 

µmol/L) and (B) mouse brain samples.  

Brain samples spiked with 0 and 20.0 pmol/mg of each metabolite were subjected to 

an LC-TOF/MS assay. Linear elution was performed using water containing 0.1 v/v% 

FA to 50 v/v% acetonitrile containing 50 mmol/L ammonium formate at a flow rate of 

0.20 mL/min at 40°C. Other LC-MS conditions were described in the Experimental 

section. N.D., not detected. 
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Table 3-1 Quantitation of catecholamines and the metabolites using LC-TOF/MS 

on a sulfonated mixed-mode columna 

Analyte RT 
(min) 

Linearityb 
correlation coefficient (r) 

Linear range 
(µmol/L) 

LOD 

 

LOQ CV (%) 
at 50 µmol/L 

(n=3) nmol/L pmol/injection nmol/L pmol/injection 

DA 24.2 y = 6380.3x – 8017.6 
r = 0.9975 0.1–50.0 20.7 0.41 62.6 1.3 5.6 

NE 20.6 y = 6446.3x – 247.28 
r = 0.9999 0.1–50.0 12.6 0.25  38.1 0.76 1.1 

E 22.8 y = 8070.3x – 5015.9 
r = 0.9995 0.1–50.0 74.6 14.9  226 4.5 1.3 

DOPAC 17.6 y = 79.151x – 389.46 
r = 0.9909 2.5–25.0 1110 22.2  3365 67.3 9.4 

HVA 20.0 y = 4146.6x – 7358.7 
r = 0.9974 0.1–50.0 18.7 2.4  56.7 1.1 13.1 

MHPG 16.6 y = 27.728x – 29.821 
r = 0.9999 2.5–25.0 3196 63.9  9686 194 7.2 

aA mixture of six catecholamines and the metabolites was assayed using a linear 

elution of water containing 0.1 v/v% FA to 50 v/v% acetonitrile containing 50 mmol/L 

ammonium formate over 20 min at 0.20 mL/min and 40°C. by is an MS signal peak, 

and x is a concentration of target. Other LC-MS conditions were described in the 

Experimental section. 
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3.3.4 Assay for endogenous catecholamines and the metabolites in mouse brain 

 

    The proposed LC-TOF/MS assay on the sulfonated mixed-mode copolymer 

column was applied for endogenous catecholamine assay in organs. Thus far, although 

an ECD-HPLC assay for DA, NE, and E [84], and an immunoassay for HVA as 

inflammatory marker [118] have been proposed, no reports have been published on a 

simultaneous assay for all the six metabolites. In this study, male ICR mice with no 

stress by injection and with stable situation by urethane anesthetization were used to 

take whole brain. As shown in Fig. 3-5B, among the six targets, DA, NE, and HVA 

were detected as endogenous catecholamine metabolites in the ICR normal mouse 

brain samples, whereas other three metabolites were not detected (Fig. 3-5 and Table 

3-1). The present LC-TOF/MS assay determined the endogenous DA, NE, and HVA as 

21.6 to 29.0, 9.0 to 9.2, and 4.3 to 5.7 pmol/mg, respectively (Table 3-2). As shown in 

Fig. 3-5B, each of the six targets was successfully detected in the brain sample spiked 

at 20.0 pmol/mg of each metabolite. This suggested that the proposed assay can be 

applicable for simultaneous detection of catecholamines and the metabolites without 

any interferences from brain matrices. 
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Table 3-2 Levels of catecholamines and the metabolites in brain of ICR mouse by 

LC-TOF/MS on a sulfonated mixed-mode column 

Analyte 
Amount  (pmol/mg brain) 

mouse A mouse B mouse C 

DA 21.6 29.0 22.4 
NE 9.2 9.1 9.0 

E N.D.a N.D. N.D. 

DOPAC N.D. N.D. N.D. 
HVA 5.7 5.4 4.3 

MHPG N.D. N.D. N.D. 

Endogenous catecholamines and the metabolites in ICR mouse brain were assayed 

using a linear elution of water containing 0.1 v/v% FA to 50 v/v% acetonitrile 

containing 50 mmol/L ammonium formate over 20 min at 0.20 mL/min at 40°C. Other 

LC-MS conditions were described in the Experimental section. aN.D., not detected. 
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3.4 Summary 

 

    The present study demonstrated that a partially sulfonated (0.81 wt%) 

ethylstyrene-divinylbenzene mixed-mode copolymer column could be a useful 

simultaneous catecholamine assay by negative ESI-LC-TOF/MS. The successful 

elution or detection of catecholamines and the metabolites on the 

cation-exchange/reversed-phase mixed-mode column were achieved by a gradient 

elution of water containing 0.1 v/v% FA to 50 v/v% acetonitrile containing 50 mmol/L 

ammonium formate as volatile ion-pairing reagent. Using the proposed simultaneous 

LC-TOF/MS assay, endogenous DA, NE, and HVA were detected in ICR mouse brain 

at concentrations of >4 pmol/mg. Cai et al. reported that DA, NE, and HVA were 

detected from schizophrenic patients’ urine at 5.9 nmol/L, 0.09 nmol/L, and 6.2 

nmol/L, respectively, as tumor marker [119]. In conclusion, LC-MS assay combined 

with sulfonated mixed-mode column can allow the simultaneous analysis of not only 

catecholamines, but also fluids such as urine. The present assay can also open a new 

diagnostic science regarding neurotransmitters and related diseases. 
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Chapter IV 

 

Conclusion 

 

    Great interests were grown in revealing the health benefits of foods. Various 

bioactive food compounds were analyzed to explore physiological functions and to 

provide more reliable evidences on physiological functions, involved in the 

improvement or prevention of lifestyle-related diseases. Besides, to understand and to 

clarify further physiological functions and their underlying mechanisms of bioactive 

compounds, reliable and appropriate separation techniques have been still required. 

LC is the most indispensable and common analytical technique for the separation and 

identification of compounds from complex foodstuffs to evaluate food quality and 

physiological contribution. Among a variety of LC separation columns such as 

reversed-phase, ion-exchange, HILIC and multi-functional mixed-mode columns 

were attempted to achieve simultaneous separation of analytes with diverse chemical 

properties (polar, non-polar, or hydrophobic) in a single LC chromatographic run in 

this study. Commonly, silica gel is used for LC column, but silica gel-based LC 
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columns are restrictive for the separation in acidic mobile phase conditions due to 

their poor alkaline stability. In contrast, polymer-based HPLC columns could open 

their widespread use in a variety of acid-alkaline mobile phases. In addition, 

polymer-based resin is capable of diverse chemical modifications.  

    To develop convenient separation techniques without tedious procedures, in the 

present study, thus, two types of chemically modified synthetic copolymer columns, 

i.e., HILIC column, and mixed-mode (cation exchange/reversed-phase) column, were 

evaluated for the simultaneous detection of monosaccharides (Chapter II) and 

catecholamines (Chapter III), respectively, which may contribute to open a new 

insight of LC separation techniques in food analysis.  

    Rare sugars have been paid in great attention in promoting health-benefits, since 

they evidentially possess various physiological functions against lifestyle-related 

diseases. However, the simultaneous separation of rare sugars or monosaccharides has 

been encountering analytical challenges, since they are highly hydrophilic and polar 

molecules. Considering strong interaction between polar rare sugars and HILIC 

column, simultaneous assay for rare sugars was established on a copolymer-based 

HILIC column by RI-HPLC. Seven monosaccharides (reducing aldoses: D-xylose, 

D-allose, and D-glucose; non-reducing ketoses: D-fructose, D-psicose, D-sorbose, and 

D-tagatose) were targeted in this study. The used column was composed of 

ethyleneimine monomeric unit in polymer chain, showing a higher affinity of rare 
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sugars with the column by imine-induced strong base property. In Chapter II, the 

polyethyleneimine-attached copolymer HILIC column was attempted to achieve 

simultaneous analysis of reducing and non-reducing monosaccharides, or discriminant 

analysis of non-reducing monosaccharides only by changing mobile solution 

containing anionic ion-pair reagent. 

    Since catecholamines and the metabolites are highlighted as diagnostic and 

therapeutic metabolites in neurobiology, a convenient and reliable analytical method 

in a single chromatographic run may allow us to rapidly understand the overall 

metabolism in brain. In Chapter III, simultaneous separation of catecholamines and 

the metabolites was challenged in a single MS assay on a mixed-mode copolymer 

HPLC column. A successful LC-TOF/MS detection of catecholamines and the 

metabolites was achieved by using a partially sulfonated (0.81 wt%) 

ethylstyrene-divinylbenzene copolymer HPLC column, with a gradient elution of 

water containing 0.1 v/v% FA to 50 v/v% acetonitrile containing 50 mmol/L 

ammonium formate as volatile ion-pairing reagent at 0.20 mL/min at 40°C within 25 

min. The proposed LC-TOF/MS assay allowed the detection of endogenous DA, NE, 

and HVA in ICR mouse brain samples at concentrations of > 20, 9, and 4 pmol/mg, 

respectively. Therefore, the proposed LC-TOF/MS assay on a partially sulfonated 

mixed-mode copolymer column can allow a new diagnostic assay regarding 

neurotransmitters and related diseases. 
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   In conclusion, the present study demonstrated that the two types of chemically 

modified synthetic copolymer columns used in this study effective for simultaneous 

separation and detection of monosaccharides and catecholamines. The results provide 

a new insight of analytical separation science by using a single chemically modified 

synthetic copolymer columns.  
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