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Abstract: Methionine is a naturally occurring amino acid. Its enantiomeric separation by using high 

performance liquid chromatography on various types of chiral stationary phases was studied. The effect of 

mobile phase composition on enantioselectivity and retention was considered. The separation of the 

enantiomers was attained in different separation modes – reversed phase mode for the macrocyclic antibiotic 

chiral stationary phases (teicoplanin, teicoplanin aglycone), normal phase and polar organic phase modes for 

the isopropyl carbamate cyclofructan 6 chiral stationary phase. It was shown that the hydrogen bonding, 

dipole interactions, steric effects between methionine molecules and stationary phases play an important role 

in the separation of enantiomers. 
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1. Introduction 
 

Methionine (Fig. 1) is a sulfur-containing essential amino acid that participates in 

protein synthesis. It plays an important role as a precursor for the synthesis of other 

sulphur containing amino acids (cysteine and taurine) (HARDY, 1985). Some studies 

have indicated that D-methionine is poorly utilized and excreted in the urine 

(STEGING et al., 1986).  
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Fig. 1. The chemical structure of methionine. 

 

Methionine is continuously converted to homocysteine and adenosine. Significant 

amounts of methionine are subsequently regenerated via the remethylation of 
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homocysteine. This enzymatic reaction is catalyzed by methionine synthase (VISSER 

et al., 2011; KUO et al., 2005; MINER et al., 1997).  

Many studies are focused on enantiomeric separations of amino acids by HPLC. 

Direct analysis of amino acids or their derivatives is by chiral ligand-exchange 

chromatography (ILISZ et al., 2006) or by a chiral stationary phase (CSP) based on 

cyclodextrins (WANG et al., 2010; REMSBURG et al., 2008), crown-ether (CHEN et 
al., 2006; LEE et al., 2010), macrocyclic glycopeptides (POPLEWSKA et al., 2007; 

GUILLEN-CASLA et al., 2010), polysaccharide derivatives (LEE et al., 2008), and 

proteins (WINKLER et al., 2009).  

Macrocyclic glycopeptides are chiral selectors mainly used in separation 

techniques such as HPLC (XIAO et al., 2004; ILISZ et al., 2006) and capillary 

electrophoresis (ARMSTRONG et al., 1997). The most frequently utilized 

glycopeptide chiral selector for amino acids enantioseparation are teicoplanin and 

teicoplanin aglycone (POPLEWSKA et al., 2008; ILISZ et al., 2009). The variety of 

stereoselective interactions of the teicoplanin (also other macrocyclic glycopeptides) 

chiral selector is related to the presence of many stereogenic centers and the 

heterogeneity of its functional groups. The structure of these chiral selectors (Fig. 2) 

indicates that interactions including hydrogen bonding, - complexation, dipole 

stacking, steric interactions, hydrophobic interactions, electrostatic interactions, and 
inclusion are present. Macrocyclic antibiotic CSPs can be operated in all common 

separation modes, reversed phase (aqueous polar organic mobile phase; RP), normal 

phase (little polar alkane alcohol mobile phase; NP), and polar organic phase (non-

aqueous organic mobile phase; PO) (ARMSTRONG et al., 1995). 

Cyclofructans (CFs) are macrocyclic oligosaccharides consisting of six or more β-

(21) linked D-fructofuranose units (from six to eight; CF6, CF7, CF8). Each 
fructofuranose unit contains four stereogenic centers and three hydroxyl groups that 

can be derivatized in order to improve the enantioseparation performance of CF CSPs. 

Cyclofructan based CSPs are the newest approach used for chiral HPLC (SUN et al., 

2009). The development of derivatized cyclofructan CSPs is based on aliphatic or 

aromatic functionalization of a native chiral selector. It was reported, that aliphatic-

derivatized CF6 are suitable for separation of racemic primary amines. These CSPs 

can be operated in all separation modes (NP, RP, PO) (SUN et al., 2010; 
JANEČKOVÁ et al., 2011). 

This work is focused on comparison of HPLC separation and interaction abilities 

of two different types of CSPs and three separation modes for the resolution of 

methionine enantiomers. These CSPs included derivatized cyclofructan 6 and 

macrocyclic antibiotic chiral selectors. The influence of the mobile phase composition 

on various chromatographic parameters (retention factor, resolution) was investigated.  

 

2. Material and methods 
 

2.1 Chemicals 
 

L-Methionine and DL-Methionine were purchased from Sigma-Aldrich. Organic 

solvents of HPLC gradient grade, acetonitrile, methanol, ethanol, and n-hexane were a 
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product of Merck. Glacial acetic acid (100 % purity), trifluoroacetic acid, and 

triethylamine of analytical grade purity were purchased from Merck. 

A stock solutions of racemic mixture and L-enantiomeric form were prepared in 

water (doubly deionized water, < 18 M cm-1) at concentration 1.0 mg mL-1. Working 
solutions were obtained by appropriate dilutions and were prepared weekly. The 

solutions were filtered through a 0.45 m nylon membrane filter before the HPLC 
analysis. 

 

2.2 Instrumentation and chromatographic conditions 
 

I) The HPLC system consisted of an isocratic pump (DeltaChrom SDS 030, 

Watrex), an injection valve (Rheodyne), and electrochemical detector (Coulochem II, 

ESA). Detector was composed of guard cell Model 5020 and analytical cell Model 

5010A (ESA). Analytical cells had potential set to + 0.65 V (E1), + 0.9 V (E2) and + 

1.4 V (E0) according to GARAIOVA et al. (2013). Enantiomeric separations were 

performed on teicoplanin (Chirobiotic T) or teicoplanin aglycone (Chirobiotic TAG) 

columns (4×250 mm I.D, 5 m) (ASTEC). The mobile phases for consisted of 
methanol or acetonitrile and water in different volume ratios. The flow rate was 0.6 

mL min-1. A nylon filter (0.45 m) was used for the mobile phases filtering. The 
columns were thermostated with a JET STREAM II Plus HPLC column thermostat 

(WO Industrial Electronics) at 25 °C. System peak obtained by injection of methanol 

or acetonitrile to the studied separation system served for determination of the dead 

time. The elution order of enantiomers was L-form, D-form in all cases. 
 

II) The Agilent Technologies HPLC (series 1200) consisted from a binary pump, 

an injection valve (Rheodyne), a column thermostat, a diode array and polarimetric 
detector (Chiralizer, IBZ Messtechnik) were used for the assay. The chiral column IP-

CF6 (4×250 mm I.D, 5 m) (ASTEC) was used for separation (the chiral selector was 

isopropyl carbamate cyclofructan 6). The temperature was maintained at 23 or 0 C. 
The mobile phases for polar organic mode consisted of methanol, acetonitrile, acetic 

acid, and triethylamine. In all experiments the acid and basic additive percentages in 

the mobile phase were fixed at 0.3/0.2 (v/v). The mobile phases for normal phase 

mode were composed of n-hexane and ethanol in different volume ratios, small 

addition of trifluoroacetic acid (0.1 %, v) was used. A nylon filter (0.45 m) was used 
for the mobile phases filtering. The flow rate was 0.8 mL min-1 and the injection 

volume was 20 L. UV detection of the analytes was performed at 210 nm. System 
peak obtained by injection of methanol (PO mode) or ethanol (NP mode) to the 

studied separation system served for determination of the dead time. The elution order 

of enantiomers was L-form, D-form in all cases. 
 

The all measurements were done in three replicates. The retention factor (k) values 

of first and second eluted enantiomer were calculated as the ratio of differences 

between retention time of enantiomer (tR) and dead time (tM) to dead time. The 

resolution values (RS) of L- and D- enantiomers were calculated by ratio of difference 

between retention times of enantiomers (tRD,  tRL2) to sum of peak widths at half peak 

height (w05D, w05L) as follow: RS = 1.18 * (tRD-tRL) / (w05D + w05L).  
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3. Results and discussion 
 

The purpose of this study was to select suitable chromatographic conditions to 

directly separate methionine enantiomers (Fig. 1). Two types of chiral stationary 

phases were tested with the aim to obtain complementary HPLC conditions from the 

point of view of the separation mode used. The interaction abilities of tested CSPs 

were studied. 

 

3.1 HPLC enantioseparation in reversed phase mode 
 

Teicoplanin based CSPs (Fig. 2) were used for enantioseparations in the reversed 

phase separation mode. Enantiomeric recognition of the methionine was studied in a 

mobile phase composed of water and organic solvent (methanol or acetonitrile). 

Different organic modifier/water ratios were tested as shown in Table 1 and Fig. 3. 
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Fig. 2. Structure of tested chiral selectors. Teicoplanin (A), Isopropyl carbamate cyclofructan 6, IP-CF6 (B), 

Teicoplanin aglycone (C) (ARMSTRONG et al., 1995; BERTHOD et al., 2000; SUN et al., 2009). 

 
The retention factor vs. methanol/water or acetonitrile/water ratio showed a U-

shaped retention curve, which indicates that different interactions take place at 

different solvent compositions. Increased retention and selectivities were obtained 

when the mobile phase contain more than 40 % methanol or more than 50 % 

acetonitrile. Higher retention (higher values of retention factors) is probably the result 

of higher solubility of the selected amino acid in water in comparison to organic 
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solvent. Table 1 data also indicates that the retention is higher in methanol containing 

mobile phase then in acetonitrile containing mobile phase. The same trend was 

observed for resolution values of enantiomeric forms (Fig. 3). Higher RS values were 

obtained in the mobile phases containing methanol as an organic modifier. It can be 

supposed that the formation of hydrogen bonds supported in methanol may increase 

the enantioselectivity. The suitable mobile phase composition for separation of 
methionine enantiomers on teicoplanin chiral stationary phase was methanol/water 

(70/30 v/v). 

The separation of methionine enantiomers was also studied on a column containing 

the teicoplanin aglycone (Fig. 2) as a chiral selector. This CSP is similar to teicoplanin 

based CSP, but without saccharide moieties (BERTHOD et al., 2000). The separations 

were accomplished with methanol/water or acetonitrile/water mobile phases. Among 

these two organic modifiers better enantioselectivity and resolution was observed 

using methanol as the modifier. Figure 3 and Table 1 show that the concentration of 

methanol has a significant effect on enantiomeric separation of methionine 

enantiomers.  

 
Table 1. Effect of methanol and acetonitrile percentage on the values of retention factors (k) of L- and D-

methionine in the reversed phase modea by the teicoplanin and teicoplanin aglycone CSPs. 

Teicoplanin CSP 

Methanol (%) 

 5 10 20 40 50 70 85 

k1 2.4 2.3 2.1 2.1 2.2 2.6 3.5 

k2 2.9 2.9 2.8 3.2 3.5 4.5 7.1 

Acetonitrile (%) 

 5 10 20 40 50 70 80 

k1 2.1 1.7 1.6 1.4 1.7 3.1 6.5 

k2 2.4 1.9 1.8 1.6 2.0 3.9 8.6 

Teicoplanin aglycone CSP 

Methanol (%) 

 5 10 20 40 50 70 80 

k1 1.7 1.8 1.8 1.9 2.0 2.3 2.5 

k2 2.5 2.7 3.1 3.9 4.5 6.2 7.3 

a mobile phase: methanol/water or acetonitrile/water (v/v); column temperature: 25 °C; flow rate:               

0.6 mL min-1; RSD  5 %  

 

The comparison of chromatographic results obtained on the teicoplanin and 

teicoplanin aglycone CSPs may show the effect of saccharide moieties in 

enantiorecognition. The  values of methionine are 1.2-1.6 times higher on the 

aglycone CSP than on the native teicoplanin CSP. The higher resolutions (RS  3.9) 

were observed for aglycone CSP in comparison with teicoplanin CSP (RS  0.7) 
obtained in tested methanol percentage interval. These differences suggest that the 
saccharide units of the native teicoplanin molecule have a negative influence on chiral 
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recognition process of methionine enantiomers. This also indicates that the aglycone 

part of teicoplanin molecule is dominant in enantiorecognition. It is probably the effect 

of steric hindrance, where the sugar parts occupy the inside of “basket” and limits the 

accessibility of other molecules to binding sites, i.e., blocking the possible interaction 

on the aglycone surface (BERTHOD et al., 2000) The retention factor vs. 

methanol/water ratio dependencies (Table 1 and Fig. 3) showed that the overall 
polarities of the stationary phases used in this study are similar.  
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Fig. 3. Effect of methanol concentration on enantioseparation of methionine in reversed phase modea by the 

teicoplanin and teicoplanin aglycone CSPs. a mobile phase: methanol/water (v/v); column temperature:      

25 °C; flow rate: 0.6 mL min-1. 

 
The tested teicoplanin and teicoplanin aglycone CSPs are extremely selective for 

the enantiomers of methionine. Figures 4A and 4B show chromatograms of 

methionine on the two CSPs with the methanol/water 70/40 (v/v) mobile phase. The 
L-enantiomeric forms elute first and D-form elute second in all tested mobile phases. 

 

3.2 HPLC enantioseparation in polar organic mode 
 

In 2009, Sun et al. demonstrated that the polar organic separation mode was 

preferred for separation of enantiomers of primary amines on novel class of 

cyclofructan based CSPs. The derivatization on the chiral selector proved to be 

essential for enantioselectivity. Several different binding sites have been demonstrated 

on isopropyl carbamate cyclofructan 6 (IP-CF6) (Fig. 2) including hydroxyl and 

carbamate groups which may have interactions with analyte via hydrogen bonding or 

dipolar interactions. The possible existing interactions also include steric effects in the 

chiral groove. (SUN et al., 2009) The combination of interactions may have a different 

effect on the stabilization of the complex CSP-enantiomer. 

IP-CF6 CSP and mixture of methanol/acetonitrile/acetic acid/triethylamine as 
mobile phase were used for HPLC separation of methionine enantiomers. The 

influence  of  mobile  phase composition  on the retention and enantioresolution on IP-  
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CF6 CSP was first studied to obtain an effective enantioseparation (RS  1.0). The 
concentration of methanol in mobile phases increased from 10 % to 85 % and acidic 

and basic modifier concentrations were kept the same (0.3 % of acetic acid, 0.2 % of 

triethylamine). The results shown in Figure 5 documented that increasing the 

concentration of methanol decreases the resolution values from 2.6 to 0.3. The 

retention factor values plots of the first and the second eluted enantiomers exhibited an   

 
(A) Teicoplanin CSP 

 
(B) Teicoplanin aglycone CSP 

 
(C) IP-CF6 CSP 

 
(D) IP-CF6 CSP 

 
Fig. 4. Chromatograms of L- (1) and D- (2) methionine in RP separation mode by the teicoplanin (A) and 

teicopanin aglycone (B) CSPs, PO separation mode (C) and NP separation mode (D) by the IP-CF6 CSP. 

Conditions: (A) mobile phase: methanol/water (70/30 v/v), temperature: 25 °C, flow rate: 0.6 mL min-1, 

electrochemical detection; (B) mobile phase: methanol/water (70/30 v/v), temperature: 25 °C, flow rate:   

0.6 mL min-1, electrochemical detection; (C) mobile phase: methanol/acetonitrile/acetic acid/triethylamine 

(75/25/0.3/0.2 v/v/v), temperature: 23 °C, flow rate: 0.8 mL min-1, polarimetric detection; (D) mobile phase: 

ethanol/n-hexane/trifluoroacetic acid (50/50/01 v/v/v), temperature: 0 °C, flow rate: 0.8 mL min-1, 

spectrofotometric detection at 210 nm. 
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observable dependence with varying methanol concentration. The differences in the 

retention factors with change methanol concentration could be explained by 

competition of methanol and methionine for hydrogen bonding sites on IP-CF6 CSP. 

The suitable mobile phase for separation of methionine enantiomers was mixture 

methanol/acetonitrile/acetic acid/triethylamine (75/25/0.3/0.2 v/v/v/v). The highest 

value of resolution was observed with 20 % methanol, resulting from longer retention. 
Figure 4C shows the chromatogram of methionine separation on IP-CF6 column in 

polar organic separation mode. The L-enantiomeric form elutes first and D-form elutes 

second. The previous results demonstrated that decreasing the column temperature can 

increase selectivity and resolution (MORAVČÍK et al., 2013). 
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Fig. 5. Effect of methanol concentration on enantioseparation of methionine in polar organic modea by the 

IP-CF6 CSP. amobile phase: methanol/acetonitrile/0.3 % acetic acid/0.2 % triethylamine, column 

temperature: 23 °C, flow rate: 0.8 mL min-1.  

 

3.3 HPLC enantioseparation in the normal phase mode 
 

Since the short retention of methionine enantiomers on IP-CF6 CSP in the polar 

organic separation mode was observed (retention times from 6 to 7 min), the normal 

phase separation mode was tested. The mobile phases consist of n-hexane, ethanol, 

and trifluoroacetic acid. The amount of acidic modifier was constant, 0.1 % (v) in all 
measurements. The different n-hexane/ethanol ratios (50-95 % of ethanol) were tested 

as it is shown in Figure 6. The increased retention and selectivity were obtained when 

the mobile phase contained less than 65 % of ethanol. Also the increasing of ethanol 

concentration caused decreasing of resolution values from 1.1 to 0.5. The retention 

factor and the resolution values vs. n-hexane/ethanol ratio plot indicate that in the 

interval 95-65 % of ethanol is favorable influence the hydrogen donation groups from 

mobile phase and therefore probably the hydrogen bonding interactions are contribute 

to the enantiomeric separation of methionine complexes with IP-CF6 CSP. In mobile 

phases containing lower than 65 % of ethanol decreases the portion of available 

hydrogen donation groups in the mobile phase, probably are preferred interactions in 

the stationary phase, which results increase in retention and also in enantioresolution. 
There is no significant influence of different mobile phase composition on the 
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selectivity factors ( = 1.42 – 1.48). Figure 4D shows the chromatogram of 
methionine on the IP-CF6 CSP with the n-hexane/ethanol/trifluoroacetic acid 

50/50/0.1 (v/v/v) mobile phase. The L-enantiomeric form elutes first and D-form 

elutes second in all tested mobile phases. 

50 60 70 80 90
0,0

0,4

0,8

1,2

1,6

2,0
k

1
, 


, 
R

S

ethanol (%)

  k
1

  

  R
S

 
Fig. 6. Effect of ethanol concentration on enantioseparation of methionine in normal phase modea by the IP-

CF6 CSP. a mobile phase: n-hexane/ethanol/trifluoroacetic acid v/v/0.1, column temperature: 0 °C, flow rate: 

0.8 mL min-1. 

 

The tested IP-CF6 CSP in NP separation mode is so more selective resolving 

enantiomers of methionine in comparison to PO mode. 
 

4. Conclusions 
 

The HPLC separation conditions (stationary phase, mobile phase composition) 

were proposed for separation of methionine enantiomers. The separation of 

enantiomers was achieved on macrocyclic antibiotic (teicoplanin, teicoplanin 

aglycone) CSPs in reversed phase separation mode and on newly developed 

cyclofructan-based (isopropyl carbamate cyclofructan 6) CSP in normal phase and 

polar organic separation modes. It appears that hydrogen bonding, steric and dipole 

interactions are of great importance for these separations. The proposed separation 

systems are complementary and may be used depending on the type of sample matrix. 
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