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HIGHLIGHTS 22 

• Development of a rapid EKC method enabling the enantioseparation of 23 

tryptophan. 24 

• First chiral analysis of tryptophan using a short-end injection. 25 

• Enantiomeric resolution was 7.4 in 2.5 min. 26 

• No previous derivatization of tryptophan was necessary. 27 

• The method showed a high potential for the quality control of dietary 28 

supplements. 29 

 30 
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Abstract 40 

A rapid enantioselective methodology for the analysis of tryptophan was developed in 41 

this work by electrokinetic chromatography using short-end injection and an anionic 42 

cyclodextrin as chiral selector. No previous derivatization of tryptophan was necessary. 43 

The influence of different experimental variables on the enantiomeric separation was 44 

investigated. The use of a 100 mM formate buffer (pH 2.2) containing 1.25% sulfated-γ-45 

cyclodextrin with an uncoated fused-silica capillary of 50 µm inner diameter with a total 46 

length of 48.5 cm (effective length of 8.5 cm), and an injection by applying a pressure of 47 

-50 mbar (short-end injection) for 4 s, enabled the enantiomeric separation of tryptophan 48 

within 2.5 min with a resolution of 7.4. As desirable, the enantiomeric impurity, D-49 

tryptophan, was the first-migrating enantiomer. The analytical characteristics of the 50 

developed methodology were evaluated in terms of linearity, precision, accuracy, and 51 

limits of detection and quantification, showing its good performance to be applied to the 52 

analysis of tryptophan-based dietary supplements. A relative limit of detection of 0.1% 53 

was obtained for the enantiomeric impurity, D-tryptophan, in the presence of the L-54 

enantiomer. Results showed that the developed methodology is an interesting alternative 55 

for the enantioselective analysis of tryptophan enabling the rapid quality control of dietary 56 

supplements. 57 

 58 

 59 
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1. Introduction 62 

Tryptophan, one of the 20 amino acids which can be found as part of proteins, is 63 

included in the group of essential amino acids. This fact implies that it must be 64 

incorporated through the diet, consuming tryptophan-containing food or dietary 65 

supplements, since it cannot be synthesized by the organism. A daily intake of 4 mg of 66 

tryptophan per kg body weight is recommended by The World Health Organisation [1]. 67 

As the other proteinogenic amino acids (except glycine), tryptophan has a chiral carbon 68 

atom, leading to two enantiomeric forms. L-tryptophan, which is the natural form, is 69 

involved in the synthesis of proteins and presents a high interest in different 70 

pharmacological and clinical areas. For instance, this enantiomer is the precursor of 71 

different bioactive compounds such as the neurotransmitter serotonin, implied in behavior 72 

and pleasure [2], or the hormone melatonin, involved in sleep regulation, among others. 73 

Besides, L-tryptophan was reported to be employed as an antidepressant agent [3] and is 74 

a potential biomarker to detect human diseases such as cell renal carcinoma [4] or to 75 

diagnose cataracts at the molecular level [5]. Conversely, D-tryptophan, which can be 76 

originated as a consequence of different racemization processes, has a low biological 77 

activity [6, 7] and is considered an enantiomeric impurity. 78 

Tryptophan is present in a great variety of foods and its popularity has increased 79 

in the last years due to its interesting properties. Nowadays, there are a lot of commercial 80 

dietary supplements containing this amino acid. To ensure the safety of these 81 

supplements, legal regulations do not allow the presence of D-tryptophan [8]. This 82 

enantiomer may not be metabolized efficiently so that its presence decreases the 83 

nutritional value of food or dietary supplements [9]. In this context, the development of 84 
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chiral strategies for the enantiomeric determination of tryptophan in food or dietary 85 

supplements has high relevance. 86 

Different analytical methodologies based on the use of two-dimensional liquid 87 

chromatography (LC-LC) [10, 11], nano-LC [12], gas chromatography (GC) [13] or 88 

subcritical fluid chromatography (SFC) [9] were proposed for the analysis of tryptophan 89 

enantiomers in different food samples such as cooked ham, minced meat, dry-cured 90 

Iberian ham, smoked salmon, soft cheese and dietary supplements. Regarding the 91 

analytical methodologies based on the use of nano-LC and GC techniques, previous 92 

derivatization of tryptophan with 9-fluorenylmethoxycarbonyl (FMOC) and 93 

ethylchloroformate, respectively, was necessary to carry out its detection [12, 13]. Both 94 

in LC-LC as well as nano-LC and SFC, D-tryptophan eluted after L-tryptophan which is 95 

not the desirable elution order since the majority peak could overlap the minority peak 96 

under these conditions [9-12]. Among all the above-mentioned analytical strategies, SFC 97 

allowed the fastest separation of tryptophan enantiomers (less than 7 min with a resolution 98 

value of 1.6), achieving a limit of detection (LOD) of 0.5 µg/mL for L-tryptophan [9]. 99 

However, the lowest LOD (0.2 mg/L) and the highest resolution (2.6) were obtained by 100 

LC-LC [10]. 101 

In the field of chiral analysis, there is no doubt that capillary electrophoresis (CE) is one 102 

of the most powerful tools for the enantioseparation of chiral compounds due to its 103 

simplicity, short analysis times, high-resolution power, high separation efficiency, and 104 

versatility [14]. Among the different CE modes, electrokinetic chromatography (EKC) is 105 

by far the preferred to carry out a chiral analysis. In this mode, the chiral selector is 106 

directly added to the separation medium which provides high flexibility since both the 107 

nature of the selector and its concentration can easily be changed. The wide variety of 108 
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chiral selectors that can be employed contributes not only to the high flexibility of EKC 109 

but also to reduce the economic costs derived from the use of chiral chromatographic 110 

columns [15]. Among all the chiral selectors that can be used in EKC, cyclodextrins 111 

(CDs) continue to be nowadays the most widely used [16-19].  112 

Numerous articles published in the literature have employed tryptophan as a model 113 

compound to evaluate the discrimination power of a  variety of chiral selectors in CE. 114 

Some representative examples are given here which include the use of  neutral or charged 115 

CDs [20-22], antibiotics [23-25], chiral ligand ionic liquids [26], molecular imprinted 116 

silica nanoparticles [27], L-tryptophan DNA aptamer [28] or the combination of CDs with 117 

metal ion ligands [29] or chiral ionic liquids [30]. A few articles were focused on the 118 

development of CE methodologies for the enantiomeric determination of tryptophan [31-119 

38]. Thus, micellar electrokinetic chromatography (MEKC) indirect approaches with 120 

fluorescence [36] and mass spectrometry (MS) [31] detection enabled the separation of 121 

tryptophan diastereomers (formed by derivatization of tryptophan enantiomers with an 122 

enantiopure chiral derivatization reagent ((+)-1-(9-fluorenyl) ethyl chloroformate) under 123 

achiral conditions (analysis time higher than 17 min and resolution lower than 1.8). The 124 

chiral separation of tryptophan was also achieved using a low amount of -CD as chiral 125 

selector in an EKC-MS system that originated a partial resolution in 30 min [34]. The 126 

determination of tryptophan enantiomers in biological fluids (artificial cerebrospinal fluid  127 

samples) was perfomed using three different strategies based on the use of indirect 128 

MEKC-MS [32], and EKC-MS or MEKC-fluorescence with -CD as chiral selector [33, 129 

35]. In all cases, the analysis times were between 20 and 80 min and the enantiomeric 130 

resolutions obtained ranged from 0.9 to 7.1 (this last resolution value was observed in 80 131 

min). Regarding the analysis of food samples, as far as we know, only two articles 132 
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reported the use of CE for the enantiomeric determination of tryptophan in food samples. 133 

Qi et al. employed a chiral ligand exchange CE (LE-CE) methodology with UV detection 134 

and a Zn(II) complex as a chiral selecting system for the analysis of rice samples [37], 135 

whereas En-Ping et al. developed a strategy based on the combination of poly(ethylene 136 

oxide) (PEO)-based stacking, MEKC using β-CD as chiral selector, and FMOC 137 

derivatization to determine tryptophan in beers [38]. In both cases, D-tryptophan eluted 138 

before L-tryptophan and the analysis times were higher than 20 min with enantiomeric 139 

resolutions lower than 4.0. LODs were 0.15 µg/mL and 40.7 nM for D-tryptophan and 140 

0.15 µg/mL and 40.1 nM for L-tryptophan, respectively. However, the possibility of 141 

reaching a relative LOD (RLOD) of 0.1% for the D-enantiomer with respect to the 142 

majority enantiomer, was not reported. 143 

This work is aimed to develop an EKC methodology to carry out the fast 144 

separation of tryptophan enantiomers using CDs as chiral selectors without any previous 145 

derivatization step. This method was subsequently applied to the analysis of tryptophan-146 

based dietary supplements to achieve their quality control. 147 

2. Materials and methods 148 

2.1. Reagents and samples 149 

All reagents employed were of analytical grade. Formic acid and sodium 150 

hydroxide were obtained from Sigma Aldrich (St. Louis, MO, USA). The chiral selectors 151 

2-hydroxypropyl-β-CD (DS 4), β-CD, γ-CD, and sulfated-β-CD (DS 12) were purchased 152 

from Fluka (Buchs, Switzerland). Sulfated-β-CD (DS 12) was also provided by Aldrich 153 

and Sigma (Madrid, Spain). Heptakis(2,3,6-tri-O-methyl)-β-CD (DS 13), methyl-β-CD 154 

(DS 1.8), α-CD, and acetyl-γ-CD (DS 7), were from Sigma. Acetyl-β-CD (DS 7), 155 

sulfated-α-CD (DS 12), phosphated-β-CD (DS 4), sulfobutyl-β-CD (DS 6.3), and 156 
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sulfated-γ-CD (DS 14) were from Cyclolab (Budapest, Hungary). Water used to prepare 157 

solutions was purified through a Milli-Q System from Millipore (Bedford, MA, USA). 158 

Six different dietary supplements were acquired in different dietetic centers in 159 

Guadalajara (Spain). DS-1 and DS-1-E containing L-tryptophan (other components: 160 

vitamin B6), DS-2 and DS-2-E containing L-tryptophan (other components: MgSO4, 161 

vitamin B3 and B6, biotin and maltodextrin), and DS-3 and DS-3-E containing L-162 

tryptophan (other components: vitamin B1, B2, B3, B6, B9, and vitamin C). DS-1-E, and  163 

DS-3-E expired in 2017 whereas DS-2-E expired in 2018.  164 

2.2. CE conditions 165 

CE experiments were performed with an Agilent 7100 CE system (Agilent 166 

Technologies, Waldbronn, Germany) equipped with a DAD working at 220 nm with a 167 

bandwidth of 4 nm. The instrument was controlled by HP3D CE ChemStation software 168 

from Agilent Technologies. Separations were carried out using 100 mM formate buffer 169 

(pH 2.2) containing 1.25% (w/v) of sulfated-γ-CD as BGE and uncoated fused-silica 170 

capillaries of 50 µm ID (362.8 µm OD) with a total length of 48.5 cm and an effective 171 

length of 8.5 cm purchased from Polymicro Technologies (Phoenix, AZ, USA). The 172 

samples were injected by applying a pressure of -50 mbar (short-end injection) for 4s, and 173 

the electrophoretic separation was achieved using 30 kV and a working temperature of 174 

25°C. 175 

Before its first use, new capillaries were rinsed (applying 1 bar) with 1 M sodium 176 

hydroxide for 30 min, followed by 5 min with Milli-Q water and conditioned with buffer 177 

solution for 60 min. At the beginning of each day, the capillary was pre-washed (applying 178 

1 bar) with 0.1 M sodium hydroxide for 10 min, Milli-Q water for 5 min, buffer for 30 179 
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min, and BGE for 10 min. Between injections, the capillary was conditioned with BGE 180 

for 2 min. 181 

2.3. Preparation of solutions and samples 182 

The separation buffer solution was prepared by diluting the appropriate volume of 183 

formic acid with Milli-Q water (100 mM, pH 2.2). The BGE was obtained by dissolving 184 

the appropriate amount of each CD in the separation buffer. 185 

Stock standard solutions of D and L-tryptophan were prepared by dissolving the 186 

appropriate amount in Milli-Q water to obtain concentrations of 5 mM and 10 mM, 187 

respectively. 188 

The preparation of the sample solutions of the six dietary supplements analyzed 189 

was performed weighing and mixing homogeneously the content of five capsules which 190 

corresponded to weighed amounts of each dietary supplement ranging from 1.390 g to 191 

2.840 g. Considering the labeled amount of tryptophan in each supplement, an appropriate 192 

amount of the powder obtained was dissolved (by ultrasonication for 10 min) in Milli-Q 193 

water to obtain a standard solution of 2000 mg/L. Subsequently, the obtained solutions 194 

were centrifuged (15 min, 4000g at 25°C) and filtrated using 0.45 µm pore size disposable 195 

nylon filters from Scharlau (Barcelona, Spain). 196 

2.4. Data treatment 197 

Values for the enantiomeric resolution (calculated from the migration times of 198 

enantiomers and their peak widths at half height) and migration times were obtained using 199 

the Chemstation software from Agilent Technologies. Excel Microsoft, Statgraphics 200 

Centurion XVI, and Origin 8.0 software were used to carry out experimental data 201 
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analysis, calculation of different parameters, and composition of graphs with different 202 

electropherograms. 203 

3. Results and discussion 204 

3.1. Development of a rapid EKC methodology for the enantioselective separation of 205 

tryptophan 206 

Tryptophan is an essential amino acid that possesses a positive charge at pH values 207 

lower than 2.3 (pKa(Cα-COOH)=2.38, pKa(Cα-NH3
+) =9.39). Acidic conditions were 208 

selected to try the chiral separation of tryptophan by EKC. A 100 mM formate buffer (pH 209 

2.2), a capillary with a total length of 40 cm, a working temperature of 25ºC and a 210 

wavelength of 220 ± 4 nm were employed to carry out a screening of 8 neutral CDs 211 

(namely α-CD, β-CD, γ-CD, 2-hydroxypropyl-β-CD, methyl-β-CD, heptakis(2,3,6-tri-O-212 

methyl)-β-CD, acetyl-β-CD, acetyl-γ-CD) at a concentration of 10 mM, and 5 anionic 213 

CDs (sulfated-α-CD, phosphated-β-CD, sulfobutyl-β-CD, sulfated-β-CD from three 214 

different commercial suppliers but with the same DS of 12, and sulfated-γ-CD) at a 215 

concentration of 1.00% (w/v). A separation voltage of 20 kV was employed to perform 216 

the screening when neutral CDs were evaluated whereas a voltage of -20 kV was used 217 

when anionic CDs were tested as chiral selectors. Table S1 summarizes all the CDs 218 

employed as well as the migration times obtained for each enantiomer and the 219 

enantiomeric resolution achieved. Among the neutral CDs, only acetyl-β-CD provided a 220 

partial resolution of 0.8. Contrarily, all the anionic CDs tested, except sulfated-α-CD, 221 

allowed to achieve the chiral separation of tryptophan enantiomers with resolution values 222 

ranging from 2.2 to 18.7. Among them, sulfated-γ-CD was chosen as the most appropriate 223 

selector since it gave rise to the highest enantiomeric resolution (18.7) in less than 14 min. 224 
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To develop a rapid methodology for the enantiomeric separation of tryptophan 225 

and once the chiral selector was selected, the effect of the separation voltage and the 226 

temperature was investigated. First, the separation voltage was changed from -20 kV to -227 

30 kV and temperature values of 25ºC and 20ºC were tested. Under these conditions, the 228 

analysis time was halved when using 25ºC, obtaining D-tryptophan in 4.6 min and L-229 

tryptophan in 6.6 min (resolution 15.1). When the temperature was 20ºC, the resolution 230 

increased to 16.1 but the analysis time was longer (5.1 and 7.5 min for D- and the L-231 

enantiomers, respectively). This result could be expected since, as it is well known, the 232 

enantioresolution of chiral compounds can increase when decreasing the working 233 

temperature [39, 40]. Thus, -30 kV and 25ºC were chosen for further experiments. 234 

Taking into account that the concentration of the CD can affect considerably the 235 

chiral separation [41], different percentages of sulfated-γ-CD ranging from 0.25 to 2.00% 236 

(w/v) were evaluated. Figure 1A shows that CD percentages lower than 1.00% originated 237 

a higher migration time, a lower resolution, and a peak broadening. However, there is not 238 

a clear trend for the variation of the analysis time when the CD concentration was higher 239 

than 1.00% as can be observed in Figure 1B. In fact, the analysis time decreased when 240 

increasing the CD percentage from 1.0% to 1.25% but it increased when the percentage 241 

varied from 1.25 to 1.5% being the analysis time for 1.50% very similar to that obtained 242 

for 2.00% CD. Although the signals were slightly more intense using 1.50% and 2.00% 243 

sulfated-γ-CD and the resolution was slightly higher, a CD percentage of 1.25% was 244 

selected because it allowed minimizing the amount of CD employed and decreasing the 245 

capillary current. 246 

Considering the high resolution obtained for tryptophan enantiomers, three 247 

different strategies were assayed to reduce the analysis time as much as possible: i) 248 
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applying pressure during the electrophoretic separation, ii) performing a short-end 249 

injection (8.5 cm effective length), iii) using a shorter capillary of 33.5 cm total length. 250 

 251 

Figure 1. Electropherograms showing the effect of the percentage of sulfated-γ-CD on 252 

the chiral separation of DL-tryptophan (solution 0.5 mM in the D-enantiomer and 1mM 253 

in the L-enantiomer), (A) from 0.25% to 1.00% (w/v) and (B) from 1.25% to 2.00% (w/v). 254 

Experimental conditions: BGE, 100 mM formic acid (pH 2.2) containing different 255 

percentages of sulfated-γ-CD; uncoated fused-silica capillary, 48.5 cm (40 cm to the 256 

detector window) x 50µm ID; applied voltage, -30kV; temperature, 25 ºC; injection 50 257 

mbar for 4 s; UV detection at 220 ± 4 nm.  258 
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In the first case, the effect of the pressure was studied in a range from 10 to 40 259 

mbar (10, 20, 30, and 40 mbar) employing a separation voltage of -30 kV and 1.25% 260 

sulfated-γ-CD.  261 

In agreement to that previously reported [42], a decrease in both analysis time and 262 

resolution when increasing the pressure was observed (see Figure 2A). The optimum 263 

pressure was considered to be 20 mbar because it was possible to have a short analysis 264 

time (around 4.5 min), a high resolution (10.0), and also a better sensitivity compared to 265 

those obtained at 30 and 40 mbar. The second strategy was based on performing a short-266 

end injection by applying -50 mbar for 4s, and using a reverse polarity to the normal 267 

injection mode to change the direction of migration (i.e 30 kV). This type of injection 268 

introduced by Altria et al. [43] enables not only a substantial reduction in the analysis 269 

time but also a several-fold increase in sensitivity [44]. In this case, the total length of the 270 

capillary was 48.5 cm but the effective length was only 8.5 cm. As it can be seen in Figure 271 

2B, the enantiomeric separation was carried out within 2.5 min (1.4 and 2.4 min for D 272 

and L-tryptophan, respectively) with a high resolution (7.4). Finally, the total length of 273 

the capillary was reduced to 33.5 cm (25.0 cm effective length). In this case, a CD 274 

percentage of 1.00% sulfated-γ-CD was employed due to the high capillary current 275 

observed under these conditions when the CD percentage was 1.25%. The separation 276 

voltage was also optimized by testing -20, -25 and -30 kV although a value of -20 kV was 277 

selected to avoid the high and unstable capillary currents observed at -25 and -30 kV. 278 

Under these optimized conditions, the enantiomeric separation of tryptophan was carried 279 

out in 5 min with a resolution of 9.5 (Figure S1A). In a similar way as for the long 280 

capillary, the effect of the application of pressure during the analysis and the use of short-281 

end injection was also studied with this capillary with a shorter length. 282 
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 283 

Figure 2. Electropherograms corresponding to the chiral separation of DL-tryptophan 284 

(solution 0.5 mM in the D-enantiomer and 1mM in the L-enantiomer): (A) effect of 285 

application of pressure during the analysis; (B) injection by pressure in the short-end. 286 

Experimental conditions: BGE, 100 mM formic acid (pH 2.2) containing 1.25% of 287 

sulfated-γ-CD; uncoated fused-silica capillary, 48.5 cm (40 cm (A) or 8.5 cm (B) to the 288 

detector window) x 50µm ID; applied voltage, -30kV (A) and 30 kV (B); temperature, 25 289 

ºC; injection 50 mbar (A) or -50 mbar (B) for 4 s UV detection at 220 ± 4 nm  290 
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In the first case, 20 mbar was selected as the optimum pressure because the 291 

analysis time was short (2.2 and 2.7 min for D and L-enantiomers, respectively), the 292 

resolution was high (5.8) and peak height and width were the best among the other 293 

analysis performed by applying other pressure values (Figure S1B). When the injection 294 

was carried out in the short-end of the capillary (8.5 cm effective length), the migration 295 

times were 1.7 and 3.3 for D and L-enantiomer, respectively, and a resolution of 7.0 was 296 

obtained. However, there was a big peak broadening (Figure S1C). 297 

Considering the results obtained when using all the strategies studied, it can be 298 

concluded that the best conditions to develop a rapid EKC method enabling the 299 

enantioselective separation of tryptophan were: 100 mM formate buffer (pH 2.2) 300 

containing 1.25% sulfated-γ-CD, uncoated fused-silica capillary of 50 µm ID with a total 301 

length of 48.5 cm (8.5 cm effective length), short-end injection by applying a pressure of 302 

-50 mbar for 4s, a separation voltage of 30 kV and a working temperature of 25°C.  303 

 304 

3.2. Application of the developed method to the analysis of tryptophan in dietary 305 

supplements 306 

To demonstrate the suitability of the stereoselective EKC method for the rapid analysis 307 

of tryptophan, its analytical characteristics were evaluated in terms of linearity, precision, 308 

accuracy, limits of detection (LOD), and limits of quantification (LOQ) according to the 309 

International Council on Harmonization (ICH) guidelines Q2(R1) [45]. Results obtained 310 

are grouped in Table 1. 311 

 312 

 313 
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Table 1. Analytical characteristics of the developed EKC method for the stereoselective 314 

determination of tryptophan in dietary supplements. 315 

a Nine standard solutions at different concentration levels for L-tryptophan and seven for D-316 
tryptophan injected in triplicate for two consecutive days. 317 
b p-value for ANOVA to confirm that experimental data fit properly to linear model. 318 
c Comparison of the confidence intervals for the slopes corresponding to the standard addition 319 
and the external standard calibration methods. 320 
d Six consecutive injections of tryptophan standard solutions at two concentration levels (2 and 321 
70 mg/L). 322 
e Three replicates of tryptophan standard solutions at two concentration levels (2 and 70 mg/L) 323 
injected in triplicate on the same day. 324 
f Three replicates of tryptophan standard solutions at two concentration levels (2 and 70 mg/L) 325 
injected in triplicate during three consecutive days. 326 
g Calculated as the mean recovery obtained when three dietary supplements containing 70 mg/L 327 
of L-tryptophan (nominal concentration) were spiked with know concentrations of L-tryptophan 328 
(25, 50, 75 and 100% of the nominal concentration) or D-tryptophan (3.2, 5, 7.8 and 9.2% of the 329 
nominal concentration).  330 
h,i LOD and LOQ obtained for a S/N ratio = 3 or a S/N ratio = 10, respectively. 331 

 332 

 L-tryptophan D-tryptophan 

External standard 

calibration methoda 
 

 

Linear range 1-160 mg/L 1-7 mg/L 

Slope ± t·sb 1.13 ± 0.02   1.36 ± 0.09  

Intercept ± t·sa 2 ± 3 0.3 ± 0.4 

R 0.999 0.998 

p-value of ANOVAb 0.514 0.506 

Matrix Interferences c  
Sample 

 

Confidence interval 

(Slope ± t·sb) 

Confidence interval 

(Slope ± t·sb) 

 

DS-1 

DS-2 

DS-3 

1.18 ± 0.09 

1.3 ± 0.3 

1.4 ± 0.3 

1.49 ± 0.08 

1.50 ± 0.07 

1.5 ± 0.2 

Precision Concentration level RSD (%) RSD (%) 

Instrumental 

Repeatability d            

(n = 6) 

2 mg/L 

70 mg/L 

t, 0.4; Ac, 1.2 

t, 0.2; Ac, 0.7 

t, 0.4; Ac, 1.3 

t, 0.2; Ac, 2.6 

Method Repeatability e                   

(n = 9) 

2 mg/L 

70 mg/L 

t, 0.4; Ac, 1.5 

t, 0.3; Ac, 1.2 

t, 0.3; Ac, 1.7 

t, 0.3; Ac, 2.8 

Intermediate precision f      

(n = 9) 

2 mg/L 

70 mg/L 

t, 2.3; Ac, 5.8 

t, 3.1; Ac, 7.6 

t, 1.8; Ac, 4.7 

t, 2.6; Ac, 9.2 

Accuracyg % Mean Recovery % Mean Recovery 

DS1  

DS2 

DS3 

110 ± 7  

105 ± 10 

107 ± 9  

101 ± 5 

105 ± 3 

100 ± 7 

LOD h 0.07 mg/L 0.07 mg/L 

LOQ i 0.25 mg/L 0.22 mg/L 
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The linearity of the method was established by plotting the corrected peak areas 333 

versus nine calibration levels, from 1 to 160 mg/L of L-tryptophan, and seven calibration 334 

levels, from 1 to 7 mg/L of D-tryptophan. Good correlation coefficients, 0.999 and 0.998, 335 

respectively, were obtained. For a 95% confidence level, confidence intervals for the 336 

slopes did not include the zero value, and confidence intervals for the intercept included 337 

the zero value, for both enantiomers. Moreover, to confirm that data for L- and D-338 

tryptophan fit properly to a linear model, an ANOVA test was performed obtaining p-339 

values higher than 0.05. 340 

To investigate the existence of matrix interferences, a standard addition 341 

calibration method was carried out by adding four known amounts of D-tryptophan to 342 

each of the three dietary supplements analyzed (constant concentration of L-tryptophan 343 

70 mg/L). The confidence interval for the slope was compared with the slope confidence 344 

interval obtained by the external calibration method. No matrix interferences existed since 345 

there were no statistically significant differences between the slopes at a 95% confidence 346 

level. This means that the external calibration method can be used to quantify tryptophan 347 

in dietary supplements. In addition, the response relative factor (RRF) was calculated as 348 

slopeD-tryptophan(minor component)/slopeL-tryptophan (major component) and a value nearly 349 

of 1.2 was obtained. In this way, and considering the range established by the European 350 

Pharmacopeia (0.8-1.2) [46], the responses of D and L-tryptophan can be considered 351 

equivalent which implies that the percentage of D-tryptophan can be established from the 352 

ratio between the areas of L- and D-tryptophan. 353 

The precision of the developed method was evaluated in terms of instrumental and 354 

methodology repeatability and intermediate precision. Instrumental repeatability was 355 

determined from six repeated injections of a standard solution of DL-tryptophan at two 356 
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concentration levels (2 and 70 mg/L). RSD values were lower than 0.4% for migration 357 

times and lower than 2.6% for corrected peak areas. The method repeatability was 358 

assessed with three replicates of a standard solution of DL-tryptophan at two 359 

concentration levels (2 and 70 mg/L) injected in triplicate on the same day. RSD values 360 

were lower than 0.4% for migration times whereas for corrected peak areas they were 361 

lower than 2.8%. Intermediate precision was evaluated by analyzing in triplicate three 362 

replicates of a standard solution of DL-tryptophan at two concentration levels (2 and 70 363 

mg/L) during three consecutive days. RSD values were lower than 3.1% and 9.2% for 364 

migration times and peak areas, respectively. 365 

Accuracy of the method for tryptophan enantiomers was assessed as the recovery 366 

obtained when the three dietary supplements at a concentration of 70 mg/L (nominal 367 

concentration) were spiked with L-tryptophan (from 5 to 100% of the nominal 368 

concentration) or D-tryptophan (from 3.2 to 9.2% of the nominal concentration). The 369 

recoveries obtained for both tryptophan enantiomers are included in Table 1 which shows 370 

that they were close to 100% in all cases. 371 

LODs and LOQs were calculated as the minimum concentration yielding an S/N 372 

ratio of 3 and 10 times, respectively. LODs of 0.17 and 0.20 mg/L were obtained for D- 373 

and L-tryptophan, respectively, while LOQs were 0.55 mg/L for D-tryptophan and 0.69 374 

mg/L for L-tryptophan. Additionally, the RLOD was calculated as ((LODD-375 

tryptophan/nominal concentration of L-tryptophan (70 mg/L) x 100) obtaining a value of 376 

0.1% which allowed to carry out the detection of the enantiomeric impurity, D-377 

tryptophan, up to levels of 0.1% relative to the majority enantiomer.  378 

Once the suitability of the developed method was demonstrated for the 379 

enantiomeric determination of tryptophan, it was applied to the analysis of six dietary 380 
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supplements, three of them recently acquired (DS1, DS2 and DS3) and other three stored 381 

for a long time (DS1-E, DS2-E and DS3-E). Figure 3 represents the electropherograms 382 

corresponding to the tryptophan dietary supplement DS2 and the same sample spiked 383 

with a 0.1% of D-tryptophan. 384 

 385 

Figure 3. Electropherograms obtained for a dietary supplement at 500 mg/L  L-386 

tryptophan: (a) non-spiked dietary supplement, and (b) dietary supplement spiked with 387 

0.1% D-tryptophan. Experimental conditions: BGE, 100 mM formic acid (pH 2.2) 388 

containing 1.25% of sulfated-γ-CD; uncoated fused-silica capillary,48.5 cm (8.5 cm to 389 

the detector window) × 50 µm ID; applied voltage, 30 kV; temperature, 25ºC; injection 390 

by pressure in the short-end, -50 mbar for 4 s; UV detection at 220 ± 4 nm. 391 

The results obtained for the content of L-tryptophan in mg/capsule and the 392 

corresponding percentage with respect to the labeled content of L-tryptophan for the 393 

different samples are included in Table 2. As it can be observed, the percentages of L-394 

tryptophan determined with respect to the labeled contents ranged from 92 ± 6 to 108 ± 395 

2%. D-tryptophan was not detected in any of the samples analyzed at the level of the 396 
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detection limit of the developed methodology showing that the elaboration of these 397 

dietary supplements fulfils the legal normative [8] which establishes that L-tryptophan 398 

can be added to food for specific nutritional purposes (D-tryptophan is not included). On 399 

the other hand, no effect of the storage time on the amount of L-tryptophan was observed. 400 

Table 2. Results corresponding to the enantiomeric analysis of tryptophan in dietary 401 

supplements recently acquired (DS-1, DS-2, DS-3) and submitted to a long storage time 402 

(DS-1-E, DS-2-E, DS-3-E) by the developed EKC method (n=3). D-tryptophan was not 403 

detected in any of the samples analyzed. 404 

Dietary supplement mg L-tryptophan/capsule % Labeled content of L-tryptophan  

DS-1 291 ± 5 108 ± 2 

DS-2 479 ± 6 96 ± 1 

DS-3 184 ± 11 92 ± 6 

DS-1-E 277 ± 8 103 ± 3 

DS-2-E 505 ± 5 101 ± 1 

DS-3-E 207 ± 4 104 ± 2 

Experimental conditions as in Figure 2B. 405 

The results obtained in this work demonstrated that the simple developed 406 

methodology enabled to achieve the rapid chiral separation of tryptophan enantiomers 407 

(resolution 7.4 in 2.5 min) improving the results obtained with previously published 408 

methodologies in terms of analysis time and resolutions (analysis times longer than 20 409 

min and enantiomeric resolutions lower than 4.0) [37, 38]. Besides, it has shown to be a 410 

powerful tool to carry out the fast quality control of tryptophan-based dietary 411 

supplements. 412 

4. Conclusions 413 

A chiral analytical methodology was developed in this work by electrokinetic 414 

chromatography enabling the rapid determination of tryptophan. After optimization of 415 

different variables, sulphated-γ-CD was employed as chiral selector at a percentage of 416 
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1.25% in a 100 mM formate buffer (pH 2.2). Among different strategies designed, the 417 

use of a short-end injection enabled the enantiomeric separation of tryptophan within 2.5 418 

min and a resolution of 7.4. UV detection was achieved, and no previous derivatization 419 

of tryptophan was necessary. The enantiomeric impurity (D-tryptophan) was the first-420 

migrating enantiomer as it is desirable to facilitate the detection of low amounts of this 421 

enantiomer with respect to the majority enantiomer. The method showed a good 422 

performance for the enantiomeric determination of tryptophan in dietary supplements. A 423 

relative limit of detection of 0.1 % of D-tryptophan with respect to the L-enantiomer was 424 

experimentally demonstrated. Application of the developed method to the analysis of 425 

tryptophan-based dietary supplements showed a good agreement between the content of 426 

L-tryptophan determined and the labeled one. The analysis of samples submitted to a long 427 

storage time showed that there was no effect on the L-tryptophan content. Results 428 

obtained in this work demonstrate that this method is a powerful tool for the 429 

enantioselective analysis of tryptophan enabling the rapid quality control of dietary 430 

supplements. 431 
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Table S1. Cyclodextrins employed as chiral selectors to achieve the enantioselective 617 

separation of tryptophan by EKC at pH 2.2. 618 

 
Cyclodextrin 

Time (min) 
Resolution 

 D-Tryptophan L-Tryptophan 

N
E

U
T

R
A

L
 

α-CD 8.9 - - 
β-CD 8.4 - - 

γ-CD 8.3 - - 
2-hydroxypropyl-β-CD (DS 4)  9.5 - - 

methyl-β-CD (DS 1.8) 8.6 - - 
heptakis(2,3,6-tri-O-methyl)-β-CD (DS 13) 9.3 - - 

acetyl-β-CD (DS 7) 10.2 10.3 0.8 
acetyl-γ-CD (DS 7) 10.2 - - 

A
N

IO
N

IC
 

sulfated-α-CD (DS 12) 13.5 - - 
phosphated-β-CD (DS 4) 18.8 20.2 2.4 

sulfobutyl-β-CD (DS 6.3) 17.8 19.1 2.2 

sulfated-β-CD (DS 12) (Sigma)* 14.5 15.1 2.1 

sulfated-β-CD (DS 12) (Aldrich)* 12.5 13.8 4.9 

sulfated-β-CD (DS 12) (Fluka)* 11.0 12.6 5.7 

sulfated-γ-CD (DS 14)) 8.9 13.6 18.7 

Experimental conditions: BGE, 10 mM CD in 100 mM formic acid (pH 2.2); uncoated fused-silica 619 
capillary, 48.5 cm (40 cm to the detector window) x 50µm ID; UV detection at 220 ± 4 nm applied voltage, 620 
20 kV; temperature, 25 ºC. 621 
*Commercial suppliers. 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 



29 
 

 633 

Figure S1. Electropherograms corresponding to the chiral separation of DL-tryptophan 634 

(solution 0.5 mM in the D-enantiomer and 1 mM in the L-enantiomer): (A) injection by 635 

pressure in the cathodic end; (B) effect of the pressure during the analysis; (C) injection 636 

by pressure in the short-end Experimental conditions for A and B: BGE, 100 mM formic 637 

acid (pH 2.2) containing 1.00% sulfated-γ-CD; uncoated fused-silica capillary, 33.5 cm 638 

(25 cm to the detector window) x 50µm ID; applied voltage, -20kV; temperature, 25 ºC; 639 

injection 50 mbar for 4 s; UV detection at 220 ± 4 nm.  Experimental conditions in C:  640 

uncoated fused-silica capillary, 33.5 cm (8.5 cm to the detector window) x 50µm ID; 641 

applied voltage, 20 kV; injection -50 mbar for 4 s. Other conditions as in A and B.  642 
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