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ABSTRACT

A new micellar electrokinetic chromatography-electrospray ionization mass spectrometry (MEKC-ESI-MS) method for the analysis of amino acids (AAs) in human urine was developed employing ammonium perfluorooctanoate (APFO) as volatile surfactant. The influence of APFO on the MS signal of AAs was evaluated by infusion experiments which showed that APFO hardly affects analyte responses and presents significantly less ion suppression than equal concentrations of ammonium acetate. In order to obtain efficient separation of AAs, MEKC parameters such as the pH and APFO concentration of the background electrolyte (BGE), were optimized. Optimum AA resolution, including baseline separation of leucine and isoleucine, was obtained using 150 mM APFO (pH 9.0) as BGE, representing a considerable selectivity improvement over capillary electrophoresis using 50 mM ammonium acetate (pH 9.0). Optimization of CE-MS parameters, like sheath liquid composition and flow rate, and ESI and MS settings, led to limits of detection ranging from 9 to 26 ng mL−1 for the twenty tested AAs, which is highly favorable for a MEKC-MS method. Good linearity (r2 > 0.99) and repeatability were obtained for all AAs tested with RSD values of 3.0-6.7% for peak area and <1.5% for migration times. The applicability of the MEKC-MS method was demonstrated by the quantitative determination of AAs in urine employing only a 1:1 dilution with BGE as sample pretreatment. All AAs could selectively be detected and quantified obtaining relevant concentration values for normal human urine.
1 Introduction
The quantitative determination of amino acids (AAs) is essential, not only in clinical and medical practice, but also in other areas, like e.g. in food and fermentation broth analysis. The assessment of AA levels in human body fluids is important for the screening of deficiencies in AA metabolism and detecting other metabolic disorders [
,
]. Profiling of AAs is, for example, also used to monitor gastrointestinal function and energy metabolism, and AAs are chief components to be covered in untargeted metabolomics studies. Next to assays for individual AAs, ion-exchange chromatography (IEC) with post-column derivatization [
,
] is routinely used for AA determination in blood, urine, and cerebrospinal fluid. Although quite sensitive, the IEC method does not provide structural information on analysed AAs. Moreover, the analytical procedure of this method is rather complex and its applicability is restricted to AAs. Reversed-phase liquid chromatography (RPLC) in combination with mass spectrometry (MS) in principle can be used for the general mass-selective profiling of AAs in body fluids [
-,
,
,
]. Nevertheless, in order to prevent that AAs co-elute with the void volume, precolumn derivatization or the use of volatile ion-pairing agents is necessary [8,
].
Capillary electrophoresis (CE) is particularly useful for the separation of charged analytes, like AAs [
-,
,
,
,
], and its coupling to MS has emerged as an effective tool for the analysis of these compounds in complex biological samples, such as urine [
-,
,
] or latent fingerprint residues [
]. For example, CE with electrospray ionization (ESI) triple quadrupole MS detection (QqQ) has been used for the targeted analysis of AAs in urine employing a background electrolyte (BGE) of 1 M formic acid, separating the AAs as positive ions [13]. LODs for AAs ranged from to 160 to 8800 nM [15]. Wang et al. applied CE-single quadrupole MS with on-line pH-mediated stacking to define urinary AA profiles for bladder cancer patients and healthy subjects [16]. Time-of-flight (TOF) MS was coupled with CE for the analysis of AAs in urine using capillaries noncovalently coated with a bilayer of polybrene and poly(vinyl sulfonate) in order to induce a significant and reproducible electroosmotic flow (EOF) at low pH [15]. Applying an in-capillary preconcentration step, LODs for selected AAs in urine were between 85 and 280 nM [17]. CE-MS provides narrow peaks for AAs and relatively short analysis times, and requires only very low sample volumes and no AA derivatization. However, as the electrophoretic mobilities of most AAs are quite similar, the migration window for AAs in CE often is small and the provided selectivity insufficient to fully separate all twenty endogenous AAs in one run. Moreover, resolution of the isomeric AAs leucine and isoleucine may be difficult by CE [15,
,
].
The selectivity and separation window of CE could be increased by adding surfactants to the BGE above the critical micellar concentration (CMC), i.e., by performing micellar electrokinetic chromatography (MEKC)[
-,
,
]. MEKC is a mode of CE in which electrokinetic migration and partitioning of analytes between bulk solution and micellar phases are combined to induce (enhanced) separation. The usefulness and practical application of MEKC for the analysis of AAs in different biomatrices has been reviewed recently [
]. However, the coupling of MEKC with ESI-MS is highly problematic due to the presence of non-volatile surfactants, such as the commonly applied sodium dodecyl sulphate (SDS). These may cause serious suppression of analyte signals and ion-source contamination [
,
]. The compatibility of MEKC and MS can be improved by employing alternative ionization techniques, like atmospheric-pressure photoionization or chemical ionization (APPI and APCI) [
]. Another option for coupling MEKC with MS, is the use of (semi-)volatile surfactants, such as ammonium perfluorooctanesulfonate (APFOS) or ammonium perfluorooctanoate (APFO). The feasibility of this approach has been demonstrated for the analysis of drugs [
], peptides [
], and pesticides [
,
], showing good results in terms of analyte resolution and high sensitivity.
In the present work, we studied the potential of MEKC-MS employing APFO as volatile surfactant, for the analysis of free - underivatised - AAs in urine. The goal was to enhance AA separation while maintaining MS detection sensitivity. MEKC was coupled to ESI-MS in positive mode using sheath-liquid interfacing. The effect of APFO on AA signal intensities was studied by infusion experiments. MEKC separation conditions and interface, and MS parameters were optimized. The obtained AA resolution was compared with that obtained with CE-MS employing ammonium acetate as BGE. Validation parameters such as linearity, limits of detection and migration time and peak area precision of twenty AAs were assessed. The applicability of the optimized MEKC-MS method was evaluated by the analysis of human urine.
2  Materials and methods
2.1 Reagents and materials

Perfluorooctanoic acid (PFOA) 96%, 2-propanol (IPA), methanol (MeOH), acetonitrile (ACN) (LC-MS Chromasolv grade), formic acid and acetic acid were purchased from Sigma Aldrich (St. Louis, MO, USA). Ammonium hydroxide was from VWR (West Chester, PA, USA). Ammonium acetate (NH4Ac) was supplied by Merck (Darmstadt, Germany). Water was deionized and purified with a Milli-Q purification system (Milipore, Belford, USA). 
Amino acids tyrosine (Tyr), alanine (Ala), valine (Val), phenylalanine (Phe), tryptophan (Trp), histidine (His), arginine (Arg), lysine (Lys), aspartic acid (Asp), isoleucine (Ile), methionine (Met), leucine (Leu), asparagine (Asn), serine (Ser), glutamic acid (Glu), glutamine (Gln), cysteine (Cys), glycine (Gly), proline (Pro) and threonine (Thr) were supplied by Sigma Aldrich. Standard solutions (0.1 mg ml-1) of individual AAs were prepared in deionized water, except for Trp which was prepared in methanol-water (1:1, v/v).
An intermediate stock solution containing 0.05 mg ml-1 of all AAs was prepared in the BGE (aqueous solution of 150 mM APFO adjusted to pH 9.0 with 14.2 M ammonium hydroxide). Working standard solutions were freshly prepared by proper dilution of the intermediate standard solution using the BGE to obtain the desired concentrations.
Urine of a healthy volunteer was diluted 1:1 with optimum BGE prior to analysis.

2.2 Instrumentation

CE experiments were carried out with an HP3D CE instrument (Agilent Technologies, Waldbron, Germany). A coaxial sheath-liquid CE-MS sprayer was supplied by Agilent Technologies. MS was performed using an Agilent 6330 Series XCT ion trap mass spectrometer equipped with an ESI source. The mass spectrometer was controlled by a PC running Esquire software 4.1 from Bruker Daltonics (Bremen, Germany). 
A pH meter (Metrohm model 744; Herisau, Switzerland) was used.
2.3 MEKC and CE conditions

MEKC and CE separations were carried out using bare fused-silica capillaries (90 cm total length, 50 µm id, 375 µm od) from Polymicro Technologies (Phoenix, AZ, USA). The separation voltage was 25 kV (normal polarity) which was ramped from 0 to 25 kV in 0.3 min. The optimized BGE for the proposed MEKC method was an aqueous solution of 150 mM APFO adjusted to pH 9.0 with 14.2 M ammonium hydroxide. For CE separations, the BGE was an aqueous solution of 50 mM NH4Ac adjusted to pH 9.0. Hydrodynamic injections were performed using a pressure of 30 mbar for 5 s. The temperature of the capillary was controlled at 25 °C. Before first use, the capillary was conditioned with 1 M NaOH for 10 min, then with water for 10 min, and finally with the BGE for 20 min, applying a pressure of 1 bar. At the beginning of the day, the capillary was flushed with water (3 min), 5 M ammonium hydroxide (3 min), water (3 min) and BGE (20 min), applying a pressure of 1 bar. Before each run the capillary was flushed with 5 M ammonium hydroxide for 5 min, water for 1 min and finally with the BGE for 5 min, applying a pressure of 1 bar. At the end of the day, the capillary was flushed with water during 5 min, and then the capillary was filled with air for 5 min, applying a pressure of 1 bar.

2.4 MEKC-MS and CE-MS
A coaxial sheath-liquid sprayer was used for MEKC-MS and CE-MS. The fused-silica capillary protruded from the surrounding steel needle for 190 µm. The sheath liquid consisted of IPA-water-formic acid (90:10:1, v/v/v) and was delivered at a flow rate of 3.33 µl min-1 by a KD Scientific 100 series syringe pump (KD Scientific Inc.; Holliston, MA, USA). The ESI voltage was set to -5000 V. Other electrospray parameters at optimum conditions were: nebulizer pressure, 4 psi (1psi=6 894.75 Pa); dry gas flow rate, 12 L min-1; dry gas temperature, 300 °C. The mass spectrometer was operated in the positive ion mode (ESI+) and scanned from 50–210 m/z at 13000 m/z s-1. In the MS experiments, the ion trap parameters were selected in ion charge control mode using a target of 20000, maximum accumulation time of 200 ms, and 5 averages per experiment. Parameters affecting the sensitivity of MS detection were optimized by direct infusion of analyte solutions through the CE capillary applying separation voltage and an optimized sheath liquid composition. The optimum MEKC-MS values were: capillary voltage, -5000 V; skimmer, 20.8; cap exit, 46.9; Oct 1 DC, 6.9; Oct 2 DC, 1.2; trap drive, 85.7; Oct RF, 43.2; Lens 1, -5; Lens 2, -60.

3 Results and discussion

3.1 Effect of APFO on ESI-MS signal 
The influence of the semi-volatile surfactant APFO on the ESI-MS signal of AAs was studied by infusion experiments using Ile and Phe as test compounds. The obtained signal intensities were compared with those attained when the AAs were dissolved in NH4Ac, one of the most commonly used BGEs in CE-MS for AA analysis. Ile and Phe solutions (200 µg ml-1) prepared in both BGEs were flushed through the CE capillary into the CE-MS sprayer by applying a constant pressure of 300 mbar, inducing a representative flow of ca. 0.25 µl min-1. The effect of increasing concentrations of APFO and NH4Ac (both pH 9.0) on the AA signals was studied using a sheath liquid of IPA-water-formic acid (50:50:1, v/v) applying positive mode ESI (Figure 1). The signal obtained for Ile in 25 mM APFO was somewhat lower than in 25 mM NH4Ac, but for Phe no significant difference was observed between 25 mM APFO and NH4Ac. The signal intensities for Ile in 50 mM APFO and NH4Ac were quite similar, whereas Phe even showed a lower signal in 50 mM NH4Ac than in 50 mM APFO. Remarkably, at higher BGE concentrations (75-200 mM), the signal intensities of both tested AAs decreased progressively for NH4Ac, but no significant signal reduction was observed when the APFO concentration was increased. From these results we conclude that APFO hardly affects the ionization of AAs. Moreover, the adverse effect of higher ammonium concentrations on ESI efficiency of AAs is effectively avoided using APFO as BGE. It is clear that the APFO concentration of the BGE can be optimized freely for efficient AA separation without causing extra ionization suppression.
3.2 Optimization of MEKC separation
In CE-MS, AAs are generally separated as net positively charged ions applying a MS-compatible BGE of low pH, such as formic or acetic acid [16]. However, for an appropriate MEKC method employing an anionic peudostationary phase, the BGE should have a pH value above 7 in order to induce a sufficiently strong EOF [24]. Perfluorooctanoate will be fully deprotonated at medium pH or higher (Perfluorooctanoic acid pka=2.8[
]), ensuring an effective micelle formation (APFO CMC= 25 mM [
]). Using a BGE with a pH above 7, most AAs will be separated as nett negatively charged or neutral compounds, except for Lys and Arg which will be nett positively charged up to pH 9 [20,
,
]. We shortly considered negative mode ESI for MS detection, however, no effective ionization of the AAs was achieved and MS signals were relatively weak. Therefore, we applied positive mode ESI-MS in combination with an acidic sheath liquid for MEKC-MS interfacing in order to achieve good MS signal intensities for the tested AAs. 
In order to find the optimum separation conditions, the influence of the BGE composition (pH, APFO concentration and organic modifier solvent), the injection volume and solvent, the separation voltage, and capillary temperature on AA resolution were considered. A solution containing 20 AAs (100 µg ml-1 each) was used as test sample, paying specific attention to the separation of the isomeric AAs Ile and Leu, which are difficult to separate by CE. The effect of the pH of the BGE was investigated using 75 mM APFO, adjusted to pH 7.5-9.5 (steps of 0.5) using ammonium hydroxide. Best overall AA separation and peak capacities were obtained at pH 9.0, with a resolution of 1.1 between Ile and Leu. The APFO concentration in the BGE was varied between 25 and 200 mM, keeping a constant pH of 9.0. An increase of the surfactant concentration up to 150 mM led to a larger MEKC migration window with better AA separation efficiencie. Plate numbers for AAs at 150 mM APFO were between 45,000 and 60,000 and the resolution of Ile and Leu was 1.5. The increase of the APFO concentration to 200 mM did not lead to further improvement of the AA separation. The effect of addition of organic solvents (IPA, MeOH or ACN) to the BGE was also studied, but no positive effects on the AA separation were observed. In fact, already 5% of organic solvent in the BGE resulted in an increase of AA peak overlap, also negatively affecting the resolution of Leu and Ile. 
As sample solvents, MEKC BGE (150 mM APFO, pH 9.0), 50 mM NH4Ac (pH 9.0) and water were considered. When the AAs were injected in NH4Ac and water, peaks were significantly broadened with reduced peak intensities. This broadening effect could be avoided by including APFO (pH 9.0) in the injection solvent. Apparently, the presence of pseudostationary phase in the injection solvent is required to prevent disturbances of the MEKC system. The effect of the sample injection volume was studied by varying the injection time (1-20 s) at constant pressure (30 mbar). Injection times above 5 s produced extra band broadening of the AA peaks, therefore an injection time of 5 s was chosen. The effect of the applied voltage for MEKC separation was tested between 15 and 30 kV. The AA resolutions did not change significantly with varying voltage, but as expected the analysis time decreased with increasing voltage. However, the practical separation voltage was limited to 25 kV in order to avoid excessive Joule heating. Variation of the capillary temperature (20-30 °C) hardly affected the AA separation. A capillary temperature of 25 °C was selected.
3.3 Optimization of ESI-MS conditions
In order to achieve optimum ESI-MS signals during MEKC-MS, the sheath liquid composition and its flow rate, the nebulizer pressure and the dry gas flow and temperature were optimized using a test solution of 20 AAs (100 µg ml-1). The signal-to-noise ratios (S/Ns) obtained for Ala, Ile, Leu, His, Phe and Arg were selected as response variables. Figure 2 summarizes the results obtained during the MEKC-MS optimization for the analysis of AAs.
For sheath liquid optimization, the influence of the nature of the organic solvent (MeOH or IPA) was investigated using a 50:50 (v/v) mixture of organic solvent with water containing 1% v/v formic acid. Although differences among signal intensities obtained with MeOH and IPA were very small, we selected IPA because overall it gave slightly higher S/Ns for the most of the selected AAs (Figure 2A). An increase of the percentage of IPA in the sheath liquid from 50% v/v up to 90% v/v (all with 1% formic acid) showed a steady increase of the S/N for all tested AAs (Figure 2B). A pure organic sheath liquid with IPA containing 1% formic acid showed a reduction of S/N with respect to 90% v/v IPA. The variations of the percentage of formic acid in the sheath liquid showed that going from 0% v/v to 1% v/v, the S/N of all tested AAs increased. For formic acid percentages above 1% v/v, no further S/N enhancement was observed. In conclusion, for optimum detection of AAs in MEKC-MS, a sheath liquid composition of IPA-water-formic acid (90:10:1, v/v/v) was selected.
The flow rate of the sheath-liquid was studied in the range of 1.6 to 6.6 µL min-1 yielding response curves typical for sheath-liquid CE-MS interfacing (Figure 2C). Going from 1.6 to 3.3 µL min-1 the S/N for all tested AAs increased. The acidic sheath liquid clearly promotes the positive ESI of the AAs. However, further increase of the sheath liquid flow rate up to 6.6 µl min-1 showed a decrease of S/N. This reduction is most probably caused by the further dilution of the CE effluent resulting in lower absolute analyte intensities. A flow rate of 3.3 µL min-1 was selected as optimum. The increase of the nebulizer pressure from 2 to 4 psi had a positive effect on the S/N of the AAs (Figure 2D). Higher nebulizer pressures produce smaller spray droplets, enhancing analyte desolvation, and thus promoting ESI. At a nebulizer pressure of 5 psi, spray stability decreased, probably due to too strong solvent evaporation. The dry gas flow rate and its temperature  were varied in the range of 8-12 L min-1 and 250-350 ˚C, respectively. The magnitude of these parameters appeared less critical; apparent optimum values were found at 10 L min-1 and 300 ˚C. Finally, the MS settings, such as MS capillary voltage and octopole and len adjustments were optimized for each AA to achieve most favorable S/N. From these results average optimum values were deduced, which are listed in Section 2.4. 
Figure 3A shows the MEKC-MS analysis of the AA test mixture (1000 ng mL−1 for each one) using the optimized conditions. The 20 AAs migrate in a window of ca. 11 min showing good S/N. Most AAs are nicely separated, although there is some peak overlap in the 10.5-11.5 min region. Still, peak assignment is  satisfactory based on recorded m/z values. In order to evaluate the effect of the APFO pseudostationary phase on AA resolution, the AA test mixture was also analysed by CE-MS using a common BGE of 50 mM NH4Ac (pH 9.0) (Figure 3B). The gain in separation selectivity induced by the APFO micelles is evident. CE-MS presents a much smaller migration window (ca. 4 min) and several AAs are clustered in the electropherogram. Overall, with MEKC-MS the AAs are clearly much better separated due to the added interaction with the APFO micelles. Noteworthy are the isomeric Ile (peak 5) and Leu (peak 6), which overlapped completely in CE-MS, but are fully separated using MEKC (resolution, 1.6). It is also interesting to note that the migration of the AAs in the MEKC system is a combined result of partitioning and electrophoresis. The most negatively charged AAs at pH 9 (Cys, Glu and Asp) indeed migrate relatively slow (peaks 17, 18 and 19 in Fig. 3A) due to their higher anodic electrophoretic mobility. Surprisingly, also the most basic AAs (Lys, Arg) show relatively long migration times (peaks 16 and 20 in Fig. 3A) despite their cathodic electrophoretic mobility. These overall positively charged AAs most probably exhibit strong electrostatic interaction with the anionic micelles, significantly reducing their overall mobility towards the capillary outlet.
3.4 Validation of the method and application to urine sample
The optimized MEKC-MS method was validated in terms of linearity, limits of detection (LOD) and quantification (LOQ), and migration-time and peak area precision (Table 1). Calibration curves were established using standard solutions with analyte concentrations of 0.1, 1.0, 5.0, 10.0 and 50.0 µg mL−1 for all the studied AAs. Each concentration was injected in triplicate (n=3). Good linearity was observed for all AAs with determination coefficients (R2) above 0.995. Peak area and migration time precision was satisfactory with RSDs below 6.7% and 1.3% respectively, for ten consecutive measurements in the same day. LODs and LOQs were calculated as S/N=3 and S/N=10, respectively. LODs for the tested AAs were 8-27 ng mL−1, which is highly favorable for a MEKC-MS method. These LODs are similar to LODs obtained for AA analysis with CE-MS [15,16]. This means that when using APFO as pseudostationary phase, strongly improved separation selectivity for AAs can be achieved without losing sensitivity.
The applicability of the method was investigated by the analysis of human urine. Sample pretreatment consisted only on  a 1:1 (v/v) urine dilution with the BGE. Firstly, potential matrix effects were assessed by establishing standard addition calibration curves for all AAs in human urine. Different concentrations of each AA (0.20, 2.0, 10.0, 20.0 and 100.0 µg mL−1) were spiked into the urine prior to the dilution with the BGE. Each spiked level concentration was analysed in triplicate and calibration curves were constructed. Comparison of the slopes of the standard addition calibration curves with the slopes of the previously established external calibration curves did not show significant differences. From these results, we conclude that the AAs did not suffer from matrix-induced ionization suppression and that the external calibration curves can be used for AA quantification in urine. Urine of a healthy volunteer was analyzed (n=10) by MEKC-MS (Figure 4) and the AA concentrations were determined (Table 2). All endogenous AA could be detected in urine at levels within common urinary boundaries for AA. The RSDs for the determined AA concentrations were within 6.5% and the migration times of the AAs were repeatable with RSD values below 1.4%. For Met and Cys, the oxidized products were found. [
,
].
4 Concluding remarks
In the present study, the usefulness of MEKC-MS employing APFO as pseudostationary phase for the analysis of AAs in human urine has been demonstrated. Infusion experiments showed that APFO as semi volatile surfactant causes no significant ionization suppression of the AA signals. The method allows the sensitive detection and separation of 20 AAs in less than 18 min with high efficiency and satisfactory precision in terms of migration times and peak area. The use of APFO provides significant improvement of separation selectivity for AAs with respect to CE-MS without any loss in sensitivity, yielding LODs between 5 and 30 ng mL-1. Baseline resolution of isobaric compounds, like Leu and Ile, could be achieved. The MEKC-ESI-MS method permits selective analysis of AAs in human urine with minimum sample treatment (i.e. 1:1 dilution with the BGE). These results indicate that MEKC-MS employing  APFO shows good potential for the metabolic profiling of AAs in biological fluids and foods. Considering the increased selectivity provided by MEKC, the new method might also be useful for the separation and selective detection of other neutral and/or charged metabolites that are amenable to positive mode ESI-MS. By employing MS/MS and/or TOF MS detection, MEKC-MS could be used for untargeted metabolomics as well.
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Table 1. Analytical performance characteristics of the optimized MEKC-MS method for the analysis of AAs.





Analyte�
R2a�
LOD (ng mL-1)b�
LOQ (ng mL-1)c�
Peak area RSDd (%)�
Migration time RSDd (%)�
�
Ala�
0.999�
17�
60�
5.6�
0.6�
�
Pro�
0.997�
24�
79�
4.1�
0.8�
�
Gly�
0.998�
23�
77�
5.3�
0.8�
�
Val�
0.999�
24�
89�
4.4�
0.6�
�
Ile�
0.997�
12�
40�
4.3�
1.0�
�
Leu�
0.999�
14�
48�
3.0�
0.8�
�
Tyr�
0.996�
13�
44�
4.7�
1.4�
�
Gln�
0.997�
11�
36�
4.7�
1.0�
�
Trp�
0.998�
12�
42�
4.2�
1.1�
�
His�
0.997�
20�
66�
4.3�
1.2�
�
Met�
0.995�
24�
79�
4.8�
1.3�
�
Ser�
0.998�
23�
75�
4.2�
1.0�
�
Thr�
0.998�
8.6�
29�
3.8�
0.8�
�
Phe�
0.997�
25�
83�
6.5�
0.8�
�
Asn�
0.997�
18�
59�
4.2�
1.3�
�
Lys�
0.997�
26�
88�
4.7�
0.9�
�
Cys�
0.999�
14�
48�
5.4�
1.0�
�
Glu�
0.999�
13�
43�
5.3�
1.2�
�
Asp�
0.998�
17�
56�
6.7�
0.9�
�
Arg�
0.997�
18�
58�
5.9�
1.3�
�



 a From five-point calibration curve; each point measured in triplicate. b S/N=3; calculated from the results for 100 ng mL−1. c S/N=10; calculated from the results for 100 ng mL−1. dn=10; AAs concentration, 5000 ng mL−1.





























Table 2. Concentrations of AAs determined in human urine using MEKC-MS.





Analyte�
Concentration a 


(µmol L-1) �
Concentration RSD (%)a�
Migration time RSD a (%)�
Normal rangeb


(µmol L-1)�
�
Ala (1)�
4555�
6.2�
0.8�
1600-6900�
�
Pro (2)�
900�
5.3�
0.9�
140-890�
�
Gly (3)�
22875�
4.2�
0.9�
7500-24000�
�
Val (4)�
460�
5.6�
0.7�
190-740�
�
Ile (5)�
375�
5.3�
1.1�
40-560�
�
Leu (6) �
579�
5.4�
0.8�
200-770�
�
Tyr (7)�
1845�
4.5�
1.4�
380-1900�
�
Gln (8)�
8500�
5.2�
1.0�
3000-10400�
�
Trp (9)�
675�
4.8�
1.1�
340-1000�
�
His (10)�
5250�
4.5�
1.3�
5000-15000�
�
Met (11)c�
312�
3.6�
1.1�
50-500�
�
Ser (12)�
22589�
3.9�
1.3�
20000-69500�
�
Thr (13)�
724�
4.7�
1.2�
800-3200�
�
Phe (14)�
824�
6.2�
0.9�
360-900�
�
Asn (15)�
624�
4.3�
1.4�
340-1000�
�
Lys (16)�
1254�
4.9�
1.0�
320-2900�
�
Cys (17)c�
299�
5.6�
1.3�
280-1150�
�
Glu (18)�
926�
5.6�
1.2�
270-1050�
�
Asp (19)�
534�
6.8�
1.0�
140-890�
�
Arg (20)�
300�
5.7�
1.3�
130-640�
�



a Average of 10 consecutive injections on the same day.


b Reference levels of AAs in human urine [29,30].


c Observed as oxidized product; quantification based on calibration curve of native AA.

















Figure Captions


Figure 1. MS responses of Ile (A) and Phe (B) in BGEs containing different concentrations of APFO and NH4Ac obtained during infusion into the CE-MS interface. Conditions: pH of BGE, 9.0; infusion rate, 0.25 µL min-1; AA concentration, 200 µg L-1; sheath liquid, IPA-water-formic acid (50:50:1, v/v/v). Other conditions, see Section 2.4.





Figure 2. S/N ratio of Ala, Ile, Leu, His, Phe and Arg obtained during MEKC-MS while varying different sheath liquid parameters (type of organic solvent (A),  percentage of MeOH (B), flow rate (C)) and the nebulizer gas pressure (D)). Conditions: BGE, 150 mM APFO (pH 9.0); AA concentration, 100 µg mL-1 each; separation voltage, 25 kV; temperature of capillary, 25 ºC; sample injection, 30 mbar for 5 s; sample solvent, 150 mM APFO (pH 9.0). Other conditions, see Sections 2.4 and 3.3. 


Figure 3. Extracted-ion electropherograms obtained during MEKC-MS (A) and CE-MS (B) of a test mixture of 20 AAs. In brackets the m/z used to detect each AA. Peaks: 1, Ala (90.1) ; 2, Pro (116.1); 3, Gly (76.1); 4, Val (118.1);5, Ile (132.2); 6, Leu (132.2); 7, Tyr (182.2); 8, Gln (147.5); 9, Trp (205.2); 10, His (156.2); 11, Met (150.2); 12, Ser (106.1); 13, Thr (120.1); 14, Phe (166.2); 15, Asn (133.1); 16, Lys (147.2); 17, Cys (122.1); 18, Glu (148.1); 19, Asp (133.1) and 20, Arg (175.2). Conditions: BGE, (A) 150 mM APFO (pH 9.0) and (B) 50 mM NH4Ac (pH 9.0); AA concentration, (A) 1 µg mL-1 and (B) 100 µg mL-1 of each AA; sheath liquid, IPA-water-formic acid (90:10:1, v/v/v). Other conditions, see Figure 2 and Section 2.4.


Figure 4. Extracted-ion electropherograms obtained during MEKC-MS of a human urine sample. Peaks: 1, Ala (90.1) ; 2, Pro (116.1); 3, Gly (76.1); 4, Val (118.1); 5, Ile (132.2); 6, Leu (132.2); 7, Tyr (182.2); 8, Gln (147.5); 9, Trp (205.2); 10, His (156.2); 11, Met (166.2); 12, Ser (106.1); 13, Thr (120.1); 14, Phe (166.2); 15, Asn (133.1); 16, Lys (147.2); 17, Cys (138.1); 18, Glu (148.1); 19, Asp (133.1) and 20, Arg (175.2). Sample pretreatment, 1:1 (v/v) dilution of urine with the BGE. Other conditions, see Figure 3.











8

