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Abstract

Quantitative and qualitative analysis of amino acids in biofluids offers relevant information in 

diagnosis of diseases, evaluation of nutritional state and in elucidating metabolic influences on 

physiology. A simple, rapid and robust procedure based on CE-LIF has been optimised for human 

plasma samples in terms of sample treatment, separation and quantitation. Time required for 

derivatization was 15 min and analysis time 35 min. 4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-

F) was the labeling agent used for obtaining fluorescence derivatives. Electrophoretic conditions 

were: 175 mM borate buffer at pH 10.25 prepared with 12.5 mM β-cyclodextrin. The voltage 

applied was +21 kV. Fourteen amino acids could be quantified: L-proline, L-phenylalanine, L-

leucine, L-isoleucine, L-ornithine, D-ornithine, L-glutamine, L-alanine, L-threonine, glycine, L-

serine, D-serine, taurine and L-glutamate. With this chiral CE-LIF method, Land D-amino acids 

are adequately separated. The method was validated for a representative group of amino acids in 

human plasma: L-proline, L-isoleucine, L-ornithine, L-glutamine, L-alanine L-threonine, glycine, 

L-serine, D-serine, and glutamate. The method has been successfully applied to human plasma 

from patients with bipolar disorder, all of which were taking lithium as a mood stabilizer. Eleven 

amino acids were quantified in plasma from nine patients, aged 24-55 years. The results were in 

accordance to published values for the bipolar patients. The method is useful particularly in 

studies where plasma amino acid levels can be used as biomarkers for diagnosis of diseases, 

evaluating the disease progression, and monitoring response to drug therapy.
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1 Introduction

Amino acids are organic compounds that play a major role in a number of important 

biological processes including energy metabolism, neurotransmission, lipid transport, etc. 

Quantitative and qualitative analysis of amino acids has been applied in the diagnosis of 

diseases (e.g., inborn errors of metabolism), evaluation of nutritional state and in elucidating 

metabolic influences on physiology [1-3]. Plasma levels of amino acids have been shown to 

be associated with symptoms and severity of a number of neuropsychiatric diseases such as 

schizophrenia, depression and bipolar disorder (BPD) [3, 4]. BPD, formerly known as 

manic-depressive psychosis, is one of the most debilitating and common psychiatric 

disorders worldwide. BPD is well distinguished by flashing emotional and behavioral 

disruptions [5]. As free amino acids are important for neurotransmission and receptor 

function, changes in their metabolism can be used not only for disease diagnosis, but also for 

monitoring treatment outcomes. Over or under expression of specific amino acids have been 

observed in patients of neuropsychiatric conditions when compared to controls: for example, 

some authors have found higher concentrations of glutamate, glutamine and glycine in BPD 

patients [4, 6]; depresed patients had a significant increase in plasma levels of glutamate, 

glycine, glutamine and taurine when compared to controls [3]. Studies have suggested that 

higher plasma serine concentration is a possible biomarker for schizophrenia, mania, 

paranoia, psychotic depression and unipolar depression [7-9]. Thus, these neuroactive amino 

acids (NAA) can be utilized as biomarkers in the diagnosis and prognosis of a number of 

neurological disorders. Some of these amino acids are present in trace levels in biological 

fluids. Increased complexity of the biological matrices makes it even more difficult to 

quantify these amino acids [10]. Thus, it is necessary to develop a highly sensitive analytical 

methodology for the determination of these amino acids. As was described elsewhere [11], 

quantitative measurement of the complete range of amino acids in biological samples is an 

important challenge in clinical biochemistry for several reasons: (1) amino acids do not have 

a chromophore; (2) most of them are highly hydrophilic and therefore are difficult to extract 

using organic solvents for gas chromatography (GC), show poor retention in reverse phase 

liquid chromatography (RP-LC) and are difficult to separate from the solvent peak. The 

chromatographic separation using RP needs analyte derivatization or the use of ion-paring 

agents to increase the chromatographic retention of analytes and to preclude their co-elution 

with the void volume; (3) in GC, the derivatizated compounds are very volatile, usually 

resulting in more than one derivative per analyte and some of these are lost during the 

sample treatment. Although, GC-MS involves time-consuming derivatization or complicated 

extraction procedures, it is the gold standard technique for the diagnosis of inborn errors of 

metabolism.

Different analytical techniques based on chromatographic and electrophoretic methodologies 

have been reported in the literature for analyzing amino acids from different biological 

matrices. Among the LC techniques, both ion-exchange, reverse phase high-performance 

liquid chromatography (RP-HPLC) and reverse phase high-performance liquid 

chromatography coupled with mass spectrometry (RP-HPLC-MS) are used extensively. 

Other common LC based methods include hydrophilic interaction chromatography (HILIC) 

[12]. Different detectors can been used with LC including UV [13, 14], fluorescence [15, 
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16], and mass spectrometry (MS) [17]. With UV-VIS and fluorescence detection, 

derivatization (pre- or post- separation) is often necessary due to the lack of a chromophore 

[18, 19]. Ion exchange separation usually requires a post-column derivatization with 

ninhydrin [18]. O-phthaldialdehyde (OPA) in combination with 2-mercaptoethanol (2-ME) 

is used to produce fluorescent isoindole derivatives which can be separated by HPLC and 

detected fluorimetrically. However, this reagent reacts only with primary amines in the 

presence of thiol and generates unstable derivatives [20]. For chiral analysis, by substituting 

a chiral thiol reagent for 2-ME, diasteromeric derivatives are produced and can be separated 

by HPLC [16].

Another technique that is routinely used to detect changes in the metabolic profiles is 

capillary electrophoresis (CE). Some reviews described advances in amino acid analysis by 

CE [21-23]; according to some of them, LIF provides the lowest reported limits of detection 

among the detection methods available for use with CE [24]. Several labelling techniques 

can be used with CE-LIF; each of these has their own strength and drawbacks. As reviewed 

previously [25], six different labelling agents are commonly used: NDA (naphthalene 

dicarboxaldehyde) [26], OPA [27], FQ (3-(2-Furoyl)quinoline-2-carboxaldehyde) [28-30] 

and fluorescein derivatives such as FITC (Fluorescein-5-isothiocyanate) [31, 32] or CFSE 

(Carboxyfluorescein succinimidyl ester) [33]. The main drawbacks are the use of toxic 

chemicals such as sodium cyanide (NDA, FQ, CBQCA), the expensive UV laser (OPA, 

NDA) [34], and the generation of a large number of fluorescein related labelling by-

products. Moreover, FQ derivatives are not soluble enough in aqueous buffers [35]. Also, 

NDA, OPA, CBQCA and FQ only react with primary amines; proline, a secondary amine 

cannot be labelled with these reagents. 4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) is a 

labelling agent that can be used for both primary and secondary amines. Sensitive detection 

of NBD-derivatives can be performed using HPLC and CE coupled to common argon ion 

laser [36]. When compared to fluorescein based dyes, the advantages of using NBD-F are 

the short time required to achieve derivatization and the cleaner electropherograms due to 

low number of by-products. Tseng [37] described a MEKC method based on NBD-F with a 

background electrolyte containing sodium cholate, β-cyclodextrin, Brij 35 in aqueous borate 

buffer, pH 9.3 containing 7% methanol; they applied this method to quantify amino acids in 

biofluids, and thisincludes a complex extraction procedure and complicated 

electropherograms. We recently validated a bioanalytical method based on capillary 

electrophoresis lased induced fluorescence (CE-LIF) using NBD-F as a derivatizing agent 

for the analysis of amino acids in urine and hippocampus tissue [11]. To our knowledge, 

there are no other published methods for the analysis of amino acids in plasma or serum by 

CE-LIF using NBD-F. We have also quantified the L-and D-serine enantiomers using the 

current methodology using the labeling agent, NBD-F. A previous study by Singh and 

colleagues [32] has used FITC to quantify selected amino acid enantiomers including, 

serine. However, none of the reported capillary electrophoresis based methods on have been 

applied to study concentrations of amino acids using plasma samples from psychiatric 

patients.

The goal of this work was to optimize and validate a method for analyzing amino acids in 

plasma by a CE method combining chiral selector and LIF detection. This validated method 

was applied to measure selected amino acids (L-proline, L-phenylalanine, L-leucine, L-
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isoleucine, L-ornithine, L-glutamine, L-alanine, L-threonine, glycine, L-serine, D-serine, 

taurine and glutamate) using plasma samples of patients with bipolar disorder.

2. Materials and methods

2.1. Chemicals and reagents

Analytical grade standards of L- and D-amino acids: phenylalanine 99%, glutamine 98%, 

serine 99%, aspartic acid 98%, glutamic acid 99%, valine, alanine, threonine, proline 99%, 

isoleucine 98%, leucine, ornithine hydrochloride 99%, 2-aminoadipic acid (internal standard 

- IS), glycine 99%, taurine 99%, β- cyclodextrin 97%, and boric acid 99.5% were purchased 

from Sigma–Aldrich (Steinheim, Germany). Hydrochloric acid was from Fluka (Buchs, 

Switzerland) and sodium hydroxide from Panreac Química S.A.U. (Barcelona, Spain). 

NBD-F 99% was from TCI (Tokyo, Japan). All solutions and dilutions were prepared with 

purified water from a Milli-Qplus185 system (Millipore, Billerica, MA, USA). Individual 25 

mM stock solution of each amino acid was prepared in purified water and stored at -20°C. 

From this, a dilution of 1 mM of each amino acid was prepared and stored at +4°C during 

the working week. These solutions were diluted as required on the day of the analysis. The 

derivatization solution of NBD-F was prepared by dissolving 80 mM NBD-F in methanol 

and mixing with equal parts of 500 μM HCl to give a final concentration of 40 mM NBD-

F/250 μM HCl in 50% methanol.

2.2. Instrumentation

CE experiments were carried out on a P/ACE MDQ system (Beckman-Coulter, Fullerton, 

CA, USA) with LIF detector, an argon source operating at λexc: 488 nm and λem: 522 nm, 

a capillary silica column (Beckman Coulter, Madrid, Spain) 60 cm in total length, and 75μm 

of I.D. All solutions were kept refrigerated at 7 ± 2°C in the CE autosampler. Data 

acquisition and instrument control were carried out using 32 Karat™ system software 

version 7.0 (Beckman Coulter, Fullerton, CA, USA).

At the beginning of its use the capillary was conditioned by flushing with 1 M NaOH (15 

min) and water (15 min). Between the runs, the capillary was flushed with HCl 0.1 M (3 

min), water (5 min) and background electrolyte (BGE) (5 min). Injections were made at the 

anodic end with a pressure of 0.5 psi (33 mbar) for 10 s. After optimization, running buffer 

(BGE) consisted of 175 mM borate buffer at pH 10.25 (pH adjusted with 2M NaOH) and 

12.5mM β-cyclodextrin. The voltage applied was +21 kV and the current observed under 

these conditions was 140 μA. The capillary thermostat was set at 17°C. The buffer vials 

were refreshed every six analysis to maintain consistency.

2.3. Plasma Samples

Study population—The study was approved by the Combined Neuroscience Institutional 

Review Board of the National Institutes of Health. All subjects provided written informed 

consent. All subjects were studied as inpatients at the National Institute of Mental Health 

Clinical Research Center, Mood Disorders Research Unit in Bethesda, Maryland. As 

described previously [38], patients corresponded to bipolar I or II disorder and currently 

experiencing a major depressive episode without psychotic features were enrolled in the 
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study. This study included nine subjects; one male and eight females, with an age range of 

24 to 55 years (mean age=39.2 [S.D. 10.5] years). These patients were also taking the mood 

stabilizer, lithium (0.6–1.2 mEq/L) for 4 weeks before and during the study, no other 

psychotropic medications were taken. Pool of plasma for method development and 

validation was from healthy volunteers.

All samples were stored at −80°C until the day of the assay.

Ultrafiltration—Plasma proteins were removed by filtration using the Centrifree® 

ultrafiltration devices from Millipore (Ireland Ltd., Ireland; 30kDa cut off). A volume of 

150μL of plasma was placed into a single Centrifree® device and centrifuged at 2,000 × g, 

4°C for 60 min. The filtered plasma was then used for amino acid analysis.

Derivatization procedure—In a glass tube, 20μL of filtered plasma, or the working 

standard solution was mixed with 20μL of 200 mM aminoadipic acid (IS), 25μL of 40mM 

NBD-F (derivatization solution) and 150μL of borate buffer 10 mM, pH 10. The resultant 

mixture was vortex for 10 seconds and metabolite derivatization was performed at 60°C for 

15 min in an oven. Immediately after derivatization, samples were kept refrigerated in the 

CE autosampler at 7°C for at least 30 min before CE-LIF analysis.

Identification of amino acids in the plasma—Selected amino acids (L-proline, L-

phenylalanine, L-leucine, L-isoleucine, L-ornithine, L-glutamine, L-alanine, L-threonine, 

glycine, L-serine, D-serine, taurine and glutamate) were analyzed in this study. In order to 

identify and quantify these amino acids in plasma, the standard solution of the pure amino 

acid was injected alone, followed by the sample, and then the sample that was spiked with 

the standard. Moreover, L- and D- pure enantiomers for each amino acid were injected to 

check whether the final analytical method was capable of separating these isomers.

2.4. Validation study

The method was validated for selected amino acids for selectivity, linearity, accuracy, 

instrumental precision, method precision (both with standards and samples), limit of 

quantification (LOQ) and limit of detection (LOD). Selectivity was checked by (1) analyzing 

the profile for ultrafiltered and non derivatized plasma pool without the labelling agent; no 

peak was observed in this case; (2), analyzing a blank containing the derivatizing reagent to 

distinguish the reagent peaks; and (3) comparing the electropherograms of derivatized 

samples with and without the IS to check that there were no others peaks at IS migration 

time. Linearity was estimated by assaying at least five levels of concentrations of the 

standards in triplicate, covering all the expected values ranging from 25 to 200% or 300% of 

mean values found in a preliminary assay. The individual ranges are described in table 1. 

Recovery was estimated by comparing in triplicate, the values of spiked samples prepared in 

a linear range (taking into account the endogenous concentrations which had been 

previously measured in the samples). Instrumental precision was evaluated by multiple 

injections (n=10) of a homogeneous derivatized standard solution. Within-day precision of 

the method was checked by injecting individual preparations of standards and samples in the 

mid-range of the calibration curve. Intermediate precision was tested in the same way, but on 
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a different day, with freshly prepared buffers and reagents. LOQ for the selected amino acids 

were estimated using the Eurachem method [39] by injecting six replicates of each standard 

at least four levels of concentration ranging from 0.02-5.0 μM for D-serine and 0.1-20 μM 

for the rest of the amino acids. LOQ was established by representing R.S.D. of the six 

replicates versus concentration and interpolating the concentration corresponding to 10%. 

LOD was calculated by means of the relation LOD: (3/10)×LOQ and checked 

experimentally.

3. Results and Discussion

3.1. Method optimization

The principal goal of this study was to develop and validate a robust and rapid CE-LIF 

method for the determination of amino acid profile in human plasma. The method was based 

on our previous CE-LIF method for the analysis of amino acids in urine and hippocampus 

tissue samples [11], with some optimizations for this new biological matrix, human plasma. 

This validated method was used to measure selected amino acids in patients with BPD.

In order to analyze amino acid concentrations in human plasma by CE-LIF, several 

optimizations were performed. Plasma proteins were first removed as amino acid profiling 

requires initial plasma deproteinization in order to avoid capillary clogging and changes due 

to absorptions in the capillary wall. These procedures involve the use of organic solvents or 

strong organic acids. The use of acid is also associated with some disadvantages; the 

labeling reaction (before derivatization with AQC, FITC or NBD-F etc.) is performed in an 

alkaline medium by the addition of borate buffer. The acidified sample requires much more 

buffer for pH switching, thus increasing the ionic strength of the sample. The advantages to 

be gained from adopting the strategy of ultrafiltration are mainly introducing neither any 

effect on the physico-chemical status of the free amino acid fraction in the plasma nor any 

substances that could affect derivatization. Because of the reasons cited above and based on 

the data available in the literature [14, 40], ultrafiltration was selected as the method for 

sample deproteinization. Plasma diluted (1:1) with pure water was compared with undiluted 

plasma sample. Better sensitivity without signal saturation was observed with the undiluted 

sample (data not shown). As an initial screen, previously described CE-LIF method [11] was 

applied to the filtered plasma after derivatization, but an unknown compound co-eluted with 

L-serine (which was not observed in our previous method). Lower concentrations of borate 

buffer were tested (90, 70, 50 mM); decreasing the buffer concentration, analysis time was 

lowered but resolution equal to zero was achieved, nevertheless L and D-serine were already 

resolved. Higher concentrations of borate buffers were assayed, 110 mM, 125 mM, 150mM 

and 175 mM after 30 seconds of sample injection (figure 1). Different sample injection times 

ranging from 10, 20, 30, 40, 50 seconds were also tested, large differences in sensitivity 

were found. At more than 30 s of sample injection, peaks such as D-serine had higher signal 

and lower deviation, but a higher risk of peak co-migration was observed near the 

derivatizing peak. Thus the 30 s injection time was applied for D-serine, and 10 s sample 

injection was applied all other amino acids analyzed. With the use of 110 mM borate buffer 

(figure 1A), L-serine showed a single peak suggesting that the co-eluting compound 

migrated within at the same time. As can be seen from figure 1, L-serine was fully resolved 
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with higher concentrations of buffer (175mM; figure 1D) and the peak shape was good. 

Moreover, both glutamine and alanine were fully resolved when compared to 125 mM and 

150 mM concentration (figure 1B, 1C). Migration time, number of theoretical plates and 

resolution were calculated for these two critical pair of peaks (table 2); best results for 

resolution >1.5 were obtained with 175 mM BGE.

Addition of methanol or acetonitrile to the BGE (up to 20% (v/v) was studied as the 

fluorescence of NBD derivatives is very sensitive to the hydrophobicity of the BGE, but 

higher migration time in the whole profile and wider peaks were obtained. The final 

optimized conditions for the optimized CE-LIF method were: running buffer 175mM borate 

buffer at pH 10.25, 12.5 mM β-cyclodextrin, 10 s of sample injection (33mbar), L-2-

aminoadipic acid (IS) using ultrafiltered, undiluted plasma samples.

The last step before validation was the identification of the selected amino acids in the 

plasma. As described in the method section, migration times and peak areas were compared 

between the ultrafiltered sample, pure standard and spiked sample (figure 2). Fourteen 

amino acids that were identified in the plasma profile include, L-proline, L-phenylalanine, 

L-leucine, L-isoleucine, L-ornithine, D-ornithine, L-glutamine, L-alanine, L-threonine, 

glycine, L-serine, D-serine, taurine and glutamate. Finally, for the identified amino acids 

pure L- and D- enantiomers were injected to ensure that the method could separate the 

enantiomers. The enantiomers of all these amino acids were satisfactorily separated. As a 

chiral selector was included in the BGE, chiral separation of the standards with resolution≥ 

1.5 was achieved (data not shown).

3.2. Validation

A complete validation was performed for only a representative group of amino acids 

including, L-proline, L-isoleucine, L-ornithine, L-glutamine, L-alanine, L-threonine, 

glycine, L- and D- serine, and L-glutamate. A summary of the validation parameters for the 

selected amino acids are shown in table 1.

During validation, standards fit the linear model (r > 0.99) for all amino acids and no bias 

was found for most of them excluding, L-glutamine, L-threonine and L-serine. However, in 

spite of the bias, no practical consequence was seen in the recovery. The recoveries ranged 

from 92.0 to 103.7.1 % and the differences were not statistically significant. For standards 

(n=12), the instrumental precision ranged from 1.4% to 5.9%. Intra-assay precision for 

standards ranged from 2.9% to 3.7% (n=6) and inter-assay precision from 2.8% to 6.8% 

(n=12). Intra-assay precision for samples: six samples prepared from the same pool were 

treated from the beginning and run in the same assay, the daily RSDs ranged from 2.0-5.6% 

and from 3.4% to 6.8% in different days (n=12). Theoretical LOQ calculated by the 

Eurachem method for these amino acids ranged from 128 nM for glycine to 1.44 μM for L-

ornithine which were lower than the values observed in the samples.

3.3. Quantitation of amino acids in plasma from BD patients

The validated CE-LIF method was applied to study plasma samples from nine patients 

diagnosed with BD. Eleven amino acids were determined in all the profiles: L-proline, L-

isoleucine, L-ornithine, L-glutamine, L-alanine, L-threonine, glycine, L- and D- serine, 
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taurine and L-glutamate. All the results were in μM range and are summarized in table 3. 

Interestingly, five patients whose samples were collected from 2007 to 2009 showed lower 

concentration of L-glutamine and higher concentration of glutamate than the more recent 

samples. A possible explanation for this is that serum hydrolases may increase the free 

glutamic acid by breaking down glutamine [41] during storage. Although these samples 

were storage at −80 °C, the length of storage (3-5 years) could have contributed to this effect 

in both amino acids. Therefore, only the most recent samples were considered for statistical 

analysis of L-glutamate and L-glutamine. All the obtained results and other values from 

literature are presented in table 4. Major amino acids with concentrations from 220-590 μM 

were L-glutamine, L-alanine and glycine, amino acids at middle concentrations from 50 μM 

to 120 μM were L-threonine, L-serine, L-ornithine, L-proline, L-isoleucine, taurine and L-

glutamate, and minor amino acids such as D-serine had a concentration of around 2 μM. 

Even though other previous studies analyzed plasma samples not only from bipolar but also 

from depressed patients under lithium or different treatments, our results are concordant 

with the literature. The glutamate and glycine results were very similar to the previous 

values reported for depressed patients [42] and major depressed BP patients [43]. Taurine 

values were lower compared with previously studied depressed patients [3, 44] but 

comparable levels were observed with BP patients [43]. For this instance antidepressant 

treatment may significantly decrease plasma taurine levels. Amino acid values obtained for 

L-alanine, L-glutamine, L-ornithine, L-isoleucine, L-threonine and L-serine, reported here 

are in agreement with the literature [3.4,42,43,44]. Interestingly most previously published 

articles reported total serine instead of the separate enantiomers.

4. Conclusions

We developed a sensitive CE-LIF method for the analysis of 14 amino acids in human 

plasma using 175mM borate running buffer at pH 10.25, 12.5 mM β-cyclodextrin, 10 s of 

sample injection (33mbar) and L-2-aminoadipic acid as the internal standard. The method 

has been validated for 10 amino acids including some D- and L-enantiomers such as D- and 

L-serine, which cannot be detected with other general methods based on GC and HPLC. 

Validation parameters are adequate for bioanalysis. Undiluted human plasma samples can be 

processed by ultrafiltration, derivatization and analyzed for amino acid profiles. The results 

obtained for representative amino acids plasma from BP patients are in agreement with 

literature values. The method is useful particularly in studies where plasma amino acid 

levels in patients are used as biomarkers for diagnosis of diseases, evaluating the disease 

progression, and monitoring response to drug therapy.
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Figure 1. 
Influence of buffer concentration over amino acid profile; borate buffer, pH 10.25 and 12.5 

mM β-cyclodextrin, 30 s of sample injection. A) 110mM, [c.o.= 88μA]; B) 125mM, [c.o.= 

100μA] C) 150mM, [c.o.= 119μA]; D) 175mM, [c.o.= 136μA]. Key. [c.o. ]= Current; [1]=L-

serine; [2]=L-glutamine; [3]=L-alanine; [IS] = L-2-aminoadipic acid (A. 500 μM, B. 100 

μM, C-D. 250 μM).
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Figure 2. 
A) Blank of sample (NBD-F). B) Plasma profile. C) Standards. Peak identification: 1. L-

proline [200μM]; 2. L-phenylalanine; 3. L-leucine; 4. L-isoleucine [100μM]; 5. L-ornithine 

[100μM]; 6. D-ornithine [100μM]; 7. L-glutamine [500μM]; 8. L-alanine [250μM]; 9. L-

threonine [200μM]; 10. glycine [200μM]; 11. L-serine [250μM]; 12. D-serine [100μM]; 13. 

taurine [150μM]; 14. L-2-aminoadipic acid [IS=200 μM]; 15. L-glutamate [100μM]; D. 

NBD-F hydrolysis products. Conditions: 175mM borate buffer, pH 10.25 and 12.5 mM β-

cyclodextrin, 10 s of sample injection.
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