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Abstract

Aminoacids and their derivatives are key biologically important metabolites and reliable, rapid and accurate, quantification for these analytes in urine remains an important analytical challenge. Here a fast and reliable HILIC-tandem MS method is presented for application in clinical or nutritional studies. The developed method was validated according to existing guidelines adapted for endogenous analytes. The validation strategy provided evidence of linearity, LOD and LOQ, accuracy, precision, matrix effect and recovery. The surrogate matrix approach was applied for calibration proving satisfactory accuracy and precision based on standard criteria over the working concentration ranges. Intra and inter day accuracy was found to range between 0.8 and 20% for the LQC (low QC) and between 0.05 and 15 % for MQC (medium QC) and HQC (high QC). Inter and intraday precision were found to be between 3 and 20 % for the LQC and between 1 and 15% for the MQC and HQC. The stability of the analytes, in both surrogate and pooled urine QC samples, was found to be within 15% over a short period at 4 oC or after a up to 3 freeze-thaw cycles. The uncertainty of the method was also assessed to provide increased confidence for the acquired measurements. The method was successfully applied to a subset of human urine samples involved in a study of aminoacids dietary uptake. This method may provide a valuable tool for many applications or studies where amino acid metabolic signatures in the excreted urine are under investigation.





1. Introduction 
Aminoacids (AAs) and their derivatives are biologically important metabolites, in all living organisms, as they serve as building blocks of proteins and precursors for the biosynthesis of neurotransmitters [1], hormones, phosphoglycerols, glycolipids and nucleic acids [2]. They play essential role in energy metabolism, neurotransmission, lipid transport and in many other biochemical processes [3–5]. The  AA profiles of human biological fluids may highlight disturbances in metabolism related to AAs and can serve as a tool to indicate latent metabolic diseases, malnutrition or other health conditions. The role of AAs in the origin, progression or control of different diseases has been widely studied. Several examples of such studies include the determination of AA concentrations in patients suffering from diabetes [6,7], inborn errors of metabolism [8–10], gastric cancer [11], rheumatoid arthritis [12], neurodegenerative disease [13], etc. More specifically, branched-chain AAs (BCAAs) comprising valine, leucine, and isoleucine, and aromatic AAs (phenylalanine and tyrosine) have been consistently associated with the risk of developing type 2 diabetes [6,14,15]. Arginine has been found to be a potential biomarker in urine for mild cognitive impairment disease [16] and has been correlated with disease severity in idiopathic pulmonary arterial hypertension [17]. Human serotonin deficiency syndrome, one of the most common and widespread disorders, has been linked with insufficient dietary tryptophan uptake [18,19]. 
From an analytical perspective, AAs form a class of chemically diverse molecules with a wide range of physicochemical properties which can present difficulties in their quantification. Targeted profiling methods for AAs have been developed and applied in various scientific areas such as in food science and nutrition [20–23], plant [24] and health science [25]; however the comprehensive and at the same time accurate quantification of endogenous AAs remains challenging. This is especially the case in biological fluids, such as urine, where the amounts of AAs present span a wide concentration range and their accurate determination is hindered by intrinsic limitations such as the matrix complexity, the lack of certified reference materials and analyte free matrix [26].
The simultaneous quantification of AAs is a topic that has been extensively studied and many different approaches have been developed [27,28]. Liquid chromatographic analysis is performed either by direct analysis of underivatized species [29–31] or following chemical derivatization [32]. Derivatisation of AAs is applied prior to GC or HPLC separation to improve chromatographic performance and detectability.  Epecially for GC-based methods, these derivatization methods often suffer from poor stability of the derivatives, and thus provide mediocre reproducibility. However, liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) using electrospray ionisation (ESI) has been proved in numerous applications, a specific and sensitive analytical technique for AAs, both with and without, derivatization [33–38]. Other reported methods for the detection of underivatised AAs have been based on MS combined with ion-pair (IP) reversed-phase (RP) chromatography. Nevertheless, the challenges of such IP-LC-MS methods involve the often prolonged equilibration time of ion pair systems compared to RPLC and the MS system contamination that, in practice, means the dedication of an instrument to that specific application [39,40]. Capillary electrophoresis (CE),  although less widely used, has also be shown to be suitable for the quantification of AAs in various biological matrices including urine [41]. An alternative approach for the absolute quantification of AAs using LC-ESI-MS/MS is based on differential derivatization of standard and sample AAs using isobaric tagging reagents (iTRAQ®, aTRAQ™). Derivatives have identical chromatographic retention, but can be separated by MS/MS upon generation of ions that differ by one mass unit [27,42]. 
Hydrophilic interaction liquid chromatography (HILIC), which enables polar analytes such as AAs to be retained and separated without derivatization provides an attractive alternative to RPLC for AAs and reduces the amount of sample preparation required. A further advantage is the high compatibility of the chromatographic system with ESI. Although a number of analytical methods have been reported for the routine analysis of AAs in various biofluids (plasma, tears etc) and cellular samples using HILIC separation, less effort has been made for the quantification of AAs and their derivatives in urine samples [29,43–45]. Moreover, reports of validated methods for the absolute quantification of these analytes in human urine by HILIC-MS are scarce; and methods are not always fully validated for a specific matrix [46]. 
HILIC-MS/MS has been applied for the detection of AAs in rat urine and other biological fluids [47].  Recently a HILIC-HRMS analytical platform has been applied to the assessment of the AAs in various body fluids including human urine [48]. The accuracy of the method was evaluated only for plasma using a NIST (National Institute of Standards and Technology) reference sample, whilst quantification in urine was based on a QC sample.  In another recent study a HILIC-QTOF/MS method was developed for the quantification of 19 AAs in human urine samples by the application of an external calibration curve [49]. The method proved accurate and precise based on the applied criteria, nonetheless calibration was based on external curve prepared with diluent.
Herein the aim was to develop a rapid, sensitive, and accurate method for the quantification of AAs and AA derivatives in human urine within the context of applications in clinical and/or nutritional studies. The method involves direct analysis of the sample by HILIC tandem mass-spectrometry, after a simple dilution step and was validated according to current guidelines for bioanalytical methods and applied to human urine samples. 

2. Materials and Methods
2.1 Chemicals and reagents
Acetonitrile (ACN) (LC-MS grade), methanol (MeOH) (LC-MS grade) were obtained from CHEM-LAB NV (Zedelgem, Belgium), formic acid (99.5%, LC/MS additive), Cell Free Amino Acid Mixture - 13C,15N  and ammonium formate were obtained from Sigma-Aldrich (Merck Darmstadt, Germany). Ultrapure Water (18.2 MΩ cm) was obtained by a Milli-Q purification system (Merck Darmstadt, Germany). AA standards were of  ≥ 98 %  pure, and acquired from various vendors. 

2.2 Preparation of solutions and quality control samples
Stock solutions of twenty AAs (alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, valine) and nine AAs derivatives (betaine, choline, hypotaurine, pyroglutamic acid, taurine, 3-methyl-histidine, 4-hydroxy-proline, sarcosine,  creatine) were prepared in MeOH : H2O (1:1, v/v) at concentrations from 1000 to 10000 μg/mL and stored at -80 °C. The analytes were divided into five separate groups according to their concentration in urine, namely A, B, C, D and E. Standard working solutions were freshly prepared before the analysis by dilution with ACN : H2O (95:5, v/v) at nine concentration levels. 
[bookmark: _Hlk38553830][bookmark: _Hlk38609458]Three series of calibrators were prepared, one in (95:5, ACN : H2O) (95:5 v/v), the second in authentic matrix which was prepared from a pooled urine sample obtained from 20 individuals and the third in synthetic urine. The synthetic urine was prepared by dissolving 14.1 g of NaCl, 2.8 g of KCl, 17.3 g of urea, 1.9 mL of aqueous ammonia (25%), 0.60 g of CaCI2, and 0.43 g of MgSO4 in 1 L of 0.02 M HCl [50].
The calibrators in authentic and synthetic urine were prepared by spiking a mixture of the analytes in the pooled urine sample or in the matrix matched solution resulting in a final concentration range of 0.01-2 μg/mL for group A, 0.02-4 μg/mL for group B, 0.09-18 μg/mL for group C, 0.15-30 μg/mL for group D, 0.425-95 μg/mL for group E and 1-200 μg/mL for group F Table S2 (Supporting Information).
Method validation was performed using quality control samples (pooled urine to give a biological QC) and synthetic urine spiked at three concentration levels: low QC (LQC, std4), medium (MQC, std6) and high QC (HQC, std9). Exact concentrations for all analytes, AA and derivatives in the synthetic urine for group A, B C, D, E and F are provided in Table S2 (Supporting Information). 
In all calibrators or QCs an equal volume (30 μl) of isotope labeled AAs mixture solution containing twenty AAs was added as IS. The IS solution was prepared by a 1:100 (v/v) dilution of the cell free amino acid mixture - 13C,15N in ACN: H2O   (95:5, v/v). 

2.3 HILIC-MS/MS conditions 
The UHPLC-MS/MS analysis was performed using an ACQUITY ultra performance liquid chromatography system (Waters, Milford, Massachusetts, USA) coupled to a XEVO TQD triple quadrupole mass spectrometer (Waters, Milford, Massachusetts, USA) and controlled by MassLynx v 4.1. Chromatography was performed on an ACQUITY UPLC BEH Amide Column (2.1 mm ×150 mm, 1.7 μm particle size) at 40 °C. The analytical column was protected by an ACQUITY UPLC BEH Amide 1.7μm Van-Guard Pre-column. Elution was performed at 500 μL/min using a binary mobile phase system consisting of A: 5 mM ammonium formate (pH3) in ACN/H2O (95:5, v/v ) and B: 5 mM ammonium formate (pH 3) in H2O/ACN (70:30, v/v). Adjustment of pH at 3 was performed in the aqueous phase before mixing with the organic solvent. A 10 min gradient was applied with a linear increase from 20 % to 50% B; the system returned to the initial conditions within 0.1 min and re- equilibration followed for 4 min. The injection volume was set at 3 μL. The MS analysis was performed in the positive ESI mode and the analytes were detected in multiple reaction monitoring (MRM) mode. The [M +H]+ precursor ion was used for the target compounds and their internal standards, with the exception of creatine and choline, where the isotopes [M+H]2+ were used in order to avoid detector saturation. Optimum parameters in the ion source were capillary voltage at +3.5 kV, temperature at 150 °C, desolvation temperature at 350 °C, desolvation gas flow rate at 650 L/h and cone gas flow rate at 50 L/h.  For MRM detection the product ion, cone voltage (CV) and collision energy (CE) were optimized for each analyte in direct infusion mode. The precursor and product ions for all analytes and IS and the optimum CV and CE are presented in Table 1. 

2.4 Sample collection and preparation
Morning urine samples from 20 healthy individuals were collected during a routine urine analysis test in a collaborating clinical laboratory. All subjects gave their informed written consent and provided data concerning their age, deviations from normal diet and use of nutritional supplements. Creatinine was determined by an enzymatic assay (Cell BioLabls Inc.) and then an aliquot was frozen at -20 °C until the analysis. A simple procedure was followed before the analysis. In 50 μL sample, 120 μL of ACN:H20 (95:5, v/v) and 30 μL IS solution was added. The diluted sample was vortexed for 2 min and centrifuged at 6700 g at 4 °C for 10 min. Then an aliquot was transferred into an autosampler vial for LC-MS/MS analysis.

2.5 Method development and validation
To obtain the best peak shapes and signals, the mobile phase was tested under acidic, neutral and basic pH (3, 6 and 9) conditions. The pH of the aqueous modifier of the mobile phase was adjusted by the addition of either formic acid or ammonium hydroxide in an ammonium formate buffer adjusted to a final concentration of 5 mM. The gradient elution program was also optimised in order to avoid co-elution of isobaric amino-acids and to achieve a short analysis time. Different sample to solvent volume ratios (1:1, 1:3, 1:6, 1:9, 1:12 v/v) were tested as well as different sample injection volumes (2, 3 or 5 μL). The aim was to avoid ion enhancement or suppression from the matrix without losing the required sensitivity.
Since concentrations of AAs in urine widely vary among members of the population, the concentration range was experimentally examined for every analyte by analysing a pooled biological QC sample prepared by mixing equal volumes of samples from 20 healthy individuals. The working ranges of the method were finally determined based on the normal range values suggested in the literature, on HMDB data [51,52] or by references intervals given by Mayo Clinic laboratories acquired from various populations or studies. 
Matrix effect was evaluated by comparing the slopes of the calibration curves constructed by standard addition in authentic biological matrix (pooled biological QC) with those constructed by standard solutions of the analytes. 
[bookmark: _Hlk61279746]Calibration samples were prepared in the surrogate matrix by spiking with analytes mixture. In addition standard addition calibration was applied to assess the appropriateness of the surrogate matrix [53]  and to describe how well the set of calibration standards in the synthetic matrix tracked the response of the analyte in the authentic biological matrix.  For this standard addition calibration curves were constructed using the pooled biological QC sample plus seven different urine samples from seven randomly selected individuals. 
Calibration model and linearity ranges were assessed and LODs, LOQs were calculated based on the signal-to-noise ratio of 3:1 and 10:1, respectively. Parallelism for the surrogate matrix was also assessed by calculating spike recovery [53]. It was calculated from the analysis of pooled urine QC sample (u) and synthetic urine (su), blank and after spiking at three concentration levels (low, medium and high) using the following formula:
   (1).
The precision and accuracy of the method were evaluated using the surrogate matrix spiked at three different concentration levels and assessed with the LQC, MQC and HQC. Five replicates of these surrogate matrix QCs were analyzed on the same day to determine the intraday precision and accuracy, while for the interday precision and accuracy, the analysis was performed on three different days. Additionally, inter and intraday precision were also determined using the pooled biological QC sample with the aim to also evaluate the method at the mean urinary concentrations of AAs and AA derivatives. Precision was expressed as the relative standard deviation (RSD, (%)) of the concentrations in the replicates and accuracy was expressed as relative error (RE, (%)) [54,55].
Uncertainty was calculated using the “top-down” approach based on the validation study and QC data [56,57]. Uncertainty, characterised by the standard deviations, was evaluated based on the precision and accuracy results from the method validation and measurements of QC samples over a period of a week. Repeatability and intermediate precision were evaluated using one-way ANOVA [58]. More specifically, for the estimation of uncertainty experimental variations from the identified sources including intra-laboratory reproducibility (urep , precision, n=10) and bias (urec , recovery, n=10) were used. Initially the combined uncertainty at LQC, MQC and HQC was calculated using the following equation: 
  (2).
The expanded uncertainty was finally calculated using equation 3, with a coverage factor k =2 at a confidence level 95%. 
 (3)

2.6 Selectivity, carry over effects and stability
In order to assess selectivity surrogate matrix samples (n=3), blank, and either spiked only with the isotope labelled internal standard mixture (n=3) or only with the analytes themselves (n=3) were analysed. Interferences present at the retention times of the analytes or their isotope labelled internal standards were inspected. For the carry over effect study a blank solution was injected after the highest level of the spiked surrogate matrix calibrant (ULOQ). Peak areas were compared to those from the LLOQ (lower limit of quantitation) . The results were considered to be acceptable when coefficient of variance was less than 20% of LLOQ for the analyte and less than 5% for the IS [54,55]. Freeze thaw stability was assessed using a biological QC sample, while short term stability including stability in the autosampler was tested for both spiked surrogate matrix at different levels (LQC, MQC and HQC) and the biological QC sample. Stability was evaluated as % of the nominal concentration which is considered to be the concentration determined by the direct analysis of the freshly prepared samples (C0) and for acceptance criteria the FDA and EMA validation guidelines were followed [54,55].



Results & Discussion

3.1 HILIC-MS/MS method

In order to achieve selective detection of the analytes the chromatography was optimized to provide efficient peak shapes and resolution of closely eluting analytes. Investigation of the effect of pH showed that the use of an acidic mobile phase provided more symmetrical peaks for several analytes, such as lysine, asparagine, and aspartic acid, that otherwise showed peak tailing under e.g., neutral or basic conditions. In addition, detection sensitivity was increased for other polar side chain AAs such as cysteine and histidine which were not adequately detected under neutral or basic conditions at the working concentration range. The precision of the analytical system was also observed to be higher under acidic conditions thus, the use of pH 3 for both aqueous and organic mobile phases was found to be optimal for this group of analytes. 
The gradient elution profile was optimised in order to obtain the elution of all 29 analytes within 10 min without interferences. Nonpolar aromatic AAs together with those analytes having polar side chains were eluted first followed by those with neutral, acidic and basic side chains respectively. Isomers and isobaric analyte pairs like leucine (tR1.9), isoleucine (tR 2.07) and sarcosine (tR 3.03) alanine (tR 3.34) were also baseline separated. However, 4-hydroxyproline and creatine co-eluted but, by the use of analyte-specific MRM transitions they could still be detected and quantified separately. Co-eluting ISs were tested for their interference and no signal was observed in the corresponding analyte transition. Peaks of isotope labelled 13C15N glutamine and 13C15N glutamic acid were observed in both function windows however, chromatographic peak resolution was achieved with tR 4.13 of 4.74 min respectively. 13C15N Isotope labelled IS were selected as they have identical chromatographic behaviour to the analytes and ensure coelution as deuterated analogues can often be separated from the corresponding protonated target compounds using high resolution chromatographic methods, making poor internal standards. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK1][bookmark: OLE_LINK2]A higher MS response for AAs and AA derivatives within the method was achieved using positive ESI ionisation mode compared to the negative ionisation mode. As a result the [M +H]+ precursor ion was used for all the analytes with the exception of choline where the M+ ion was selected due to its very intense [M +H]+ signal which caused detector saturation over the concentration ranges under study. For betaine and creatine, which also exhibited similar behaviour to that of choline, no alternative to the [M +H]+ ion could be selected and instead detuning was applied by altering the optimum values of CV and CE. 

The MS/MS detection parameters used in the assay, together with the retention times of all analytes and ISs can be seen in Table 1. The chromatographic peaks for the analytes, detected during the analysis of a biological  QC sample can be seen in Figure 1. 

Having optimized the LC-MS conditions sample preparation/pre-treatment was investigated. For this the biological QC was diluted with a mixture of ACN : H2O (95:5, v/v) by dilution factors of 1, 3, 6, 9 and 12. Poor chromatographic performance was observed with the 1 and 2 fold dilutions (broad peak shapes) whereas, with a dilution factor of greater than 3, inadequate detection was obtained for analytes such as aspartic acid, 4-hydroxyproline and cysteine.  On the basis of these results a 3-fold dilution of urine was selected for analysis. Similarly, an injection volume of 3 μL was selected on the basis that it provided the required sensitivity as with 2 μL injections analytes at low concentrations in urine, such as  e.g., sarcosine, could not be detected and, with higher volumes, saturation was observed for analytes such as creatine, betaine and choline.

3.2 Method validation

Since all the target analytes are endogenous and present in urine, method validation was performed based on existing guidelines for bioanalytical methods with adaptations to address the case of endogenous biomarkers [54,55,59,60]. 

3.2.1 Selectivity and carry over 
The selectivity of the method was demonstrated by the absence of interfering peaks in the MRM channels of the analytes or ISs. Satisfactory resolution of isobaric analytes was achieved as mentioned above.  In addition, responses at the same retention time as the ISs, in the blank sample did not exceed 5% of the average IS responses of the calibrants. 
The responses of the analyte obtained in the blank samples analysed immediately after the ULQ did not exceed 15% of the response of the LLOQ indicating acceptable carry over. 


3.2.2 Matrix Effect 
Initially matrix effects (ME) were assessed by the “slopes comparison method” between the neat solvent calibration curves and the standard addition calibration curves of the analytes in the pooled biological QC. Seventeen out of the 29 compounds showed a measurable difference between the two slopes indicating the presence of a matrix effect, in most cases ion enhancement sr >1 (see Table 2). Betaine showed significant matrix effect compared to all other analytes; moreover methionine, phenylalanine, proline and tryptophan, all of which were early eluting analytes, showed an ME>2.
In addition to the assessment of ME, based on the biological QC, slope comparison was also performed with standard addition curves prepared by seven urine samples obtained from different healthy individuals against neat solvent curves. The slope ratios were calculated and the RSD (%) of the ratios were considered. For all analytes RSD was below 15% suggesting similar ME in samples from different sources.  

3.2.3 Calibration
As indicated in the methods section, for the construction of calibration curves a “surrogate matrix” approach was used. The synthetic urine matrix used was essentially a mixture of salts, urea and ammonia at physiological concentrations and was used after spiking the analytes at nine concentration levels (n=9).  For the 20 AAs analytes that isotope labelled IS were available, the calibration curves were prepared based on the response factor (analyte area/ IS area), while for the AAs derivatives, calibration was based on the peak areas of the analytes. Chemically relevant labelled ISs were found to be effective as surrogate IS in the case of pyroglutamate (5-oxoproline), 3-methylhistidine and 4-hydroxyproline where 13C15N L-glutamic acid, 13C15N histidine and 13C15N proline were used respectively. All the standard curves were fitted to a 1/x2 weighted linear regression.
With respect to linear range, in spiked surrogate samples for almost all 29 analytes, concentrations of over two orders of magnitude could be determined. Over these ranges, the calibration curves of most analytes displayed good linearity with correlation coefficients of r2 > 0.99, whilst those for choline, betaine, methionine and tyrosine were r2 > 0.98. LODs ranged from 0.001 to 0.5 μg/mL, while LOQs from 0.01 to 5 μg/mL.  In Table 3 the linearity ranges, LODs and LOQs as well as r2 are given for all the target analytes. 

3.2.4 Surrogate matrix approach evaluation
To examine whether the response of the calibrators used was equal to the response of the analytes in the real matrix, the parallelism of the calibration curves with those in urine was examined over the working range. Standard addition curves were obtained for a series of calibrants (n=9) prepared in the biological QC and the slopes of the curves were established. 
The slopes obtained were compared; slope ratios (sr) of the analytes were assessed and the values are summarised in Table 2 for all analytes.  Parallelism was considered acceptable for analytes with  0.8<slope ratio < 1.2 [60] . As can be seen the majority of the analytes exhibited slope ratios from 0.82 to 1.23. For analytes such as pyroglutamic acid, 3-methylhistidine, creatine and choline, no IS was used and significant differences between the two slopes were observed. When the response factor was used in combination with peak area of the surrogate IS, 13C15N glutamic acid for pyroglutamic acid, the parallelism of its standard addition and surrogate matrix curves was significantly improved. A similar result was obtained for 3-methylhistidine using the peak area of its surrogate IS, 13C15N histidine. In Figure 2 the calibration curves for 3-methylhistidine and pyroglutamic acid are shown as example, constructed either based on peak areas (left) or on peak areas ratios using relative isotope labelled 13C15N as a surrogate IS (right).
Spike recovery, calculated based on equation 1, showed R (%) ranging from 80 % to 120 % for all three concentrations as can be seen in Table 2 except for creatine and choline in agreement with the above data. Whilst for these two analytes the surrogate matrix is not suitable for predicting their response in the authentic matrix. However, as R (%) was consistent in the concentration range studied for these two analytes, a correction factor () was applied to compensate for the systematic bias introduced by the matrix and enable their quantification. 
Besides the evaluation of the surrogate matrix based on the standard addition curve constructed with the biological QC sample, comparison was also performed with seven more standard addition curves prepared with seven different individual urine samples. Both slope ratios (sr) and spike recovery % were calculated indicating agreement with Table 2. The RSDs of sr was found to be below 20 % for all analytes and showed only small variations between the seven individuals. Furthermore, a similar consistency of R (%) was also observed for the seven different urine samples. 
Thus, with the exception of choline and creatine (for which a correction factor was finally introduced) the use of the surrogate matrix for the quantification of these analytes, was demonstrated to be appropriate. 

3.2.5. Precision and accuracy 
The precision of the method was studied with both spiked surrogate matrix at three concentration levels (LQC, MQC, HQC) and the biological QC. The data of intra-day and inter-day precision study are provided in Table 4. Intra-day precision ranged between 1% and 20% RSD for both the surrogate and biological QC samples. For inter-day precision similarly, all analytes exhibited RSD values within the 15 % or 20 % (for the LQC) limits. 
The accuracy of the method was determined as Relative Error (percentage difference from the nominal value) and studied only for spiked synthetic urine at LQC, MQC and HQC concentrations. Intraday and interday accuracy ranged between the acceptable values of ± 15 %, and ± 20 % for LQC. Intraday and interday accuracy data are provided for all analytes in Table 4.

3.2.6 Uncertainty
As the bottom-up procedure for the assessment of uncertainty (U) can be difficult to apply in multianalyte methods for endogenous determinations where there is also a lack of certified reference materials, a “top-down” procedure was implemented. In the 2007 Eurolab report [61] the various ‘top-down’ approaches that laboratories can choose based on data from method validation and quality control are described. Expanded uncertainty for this method was calculated using long term precision data and bias expressed as spike recovery. 
From the results shown in Table 4 it can be observed that at low concentrations (LQC) expanded uncertainty is increased for some analytes in comparison to higher concentrations (MQC, HQC) with a mean value of 10.8 % for LQC versus 4.6 % and 2.9 % for MQC and LQC respectively. More specifically for the LQC, U (%) was found to be below 11 % for most of the analytes (20 out of the 29), while for 5 analytes (4-hydroxy-proline, betaine, choline, leucine, and sarcosine) U spanned between 17 and 24 % and for 4 (hypotaurine, arginine, isoleucine and methionine) between 26 and 35%. For the higher concentration QCs all analytes had U below 10% with the exception of 4 analytes at MQC where U range from 11 to 14%. Overall increased uncertainty was observed for some analytes comprising charged or polar chain AAs and derivatives such as arginine, betaine, choline, hypotaurine and taurine but as well as medium polar AAs such as isoleucine, leucine and methionine. This is mostly related either to increased peak width (e.g., arginine) or to lower sensitivity (eg methionine, taurine, hypotaurine) compared to the others which results in lower accuracy and precision of the measurement. Low levels of uncertainties < 15 % at the MQC and HQCs indicate the reliability of the results at these concentration levels.  

3.2.7 Stability  
[bookmark: _Hlk61281845]A stability study of the analytes in the surrogate matrix as well as in the biological QC was conducted to ensure that the concentration of the analytes was not affected under conditions that are likely to be applied during sample preparation or analysis. On a routine basis, the duration of an average analytical batch is about 15 hours. An average batch comprise circa 30 real urine samples, 2 series of calibrants analyzed in the beginning and at the end of the batch and a number of biological urine QC samples analysed every 5 samples together with the required number of LQC, MQC and HQCs. Samples remain in the autosampler at 4 °C during that period. Synthetic urine spiked samples used as calibrants were found stable over that period of the whole analytical batch. The percentage of the  concentration found at t=0 (C0) was calculated for the determinations at the studied time point (Ct) at 3 concentrations, namely low (std 4), medium (std 6) and high (std 9) (Ct/C0100 %) and data are provided in Table 5. The results showed acceptable stability of all analytes in the calibrants at 4 °C (stability remains within ±15% of analyte's C0) during the analytical batch (short-term stability).  Good stability of the analytes in the biological  QC sample was also found under the same conditions with  (< ±15%). 
Freeze-thaw stability was also evaluated by exposing the biological QC to 3 cycles of freezing at 80 °C and thawing at room temperature. The time period that the samples remained frozen in each cycle was more than 12 hours. All AAs and their derivatives were found to be stable under these freeze-thaw cycles  ( within ±15% of C0).

3.3 Comparison to previous methods 
There are several published methods exhibiting the successful application of HILIC-MS in the determination of aminoacids in biological fluids. However the majority of these methods are in biological fluids other than urine, mostly plasma and cell extracts [26, 40-42] thus direct comparison of methods characteristics is not possible. 
There are only four published works on the determination of AAs in urine matrix one of which is to rat urine. In the most recent publication Wen et al [45] have provided method validation data however, water was used as a surrogate matrix to prepare external calibration curves, whereas samples were simply diluted in acetonitrile-water. In addition, for the 19 AAs only 3 deuterated IS have been used. 
In a recent study Roggensack et al [43] used a HILIC separation - quantification of  a number of selected amines and AAs in human plasma and urine samples. In that study 11 AAs from which only 3 proteogenic were determined, isotope-labelled analogues were lacking for all AAs and the method was not fully validated as the accuracy of surrogate matrix calibration curve was not evaluated.
Teav et al [46] have reported the determination of 34 AAs by full scan MS detection and an untargeted methodology without appropriate validation for urine. A methanolic curve was used and the accuracy of the method was tested against a human plasma NIST reference material.
Finally, in the paper by Joyce et al [47] where 18 AAs were determined by a HILIC-QTOF MS method in human urine samples, validation was performed, with calibration based on AAs standards diluted in solvent. Accuracy and precision data were based on external calibration curves prepared in a diluent and the dynamic range for the calibration covered approximately two orders of magnitude. 
We believe that the method described here provides some advantages over the previous studies. In total 29 AAs and derivatives were determined, and an extensive validation procedure was applied to evaluate the characteristics of the method. Since comparison of neat with matrix matched calibration curve showed the presence of matrix effect for most of the compounds, the surrogate matrix approach was assessed and fully validated. Specifically, a synthetic matrix to match urine was used and the accuracy of the surrogate matrix approach was evaluated by two means (slope ratio & spike recovery %). 
Matrix effect was studied not only for a biological QC prepared from a pooled urine sample but in addition for seven more individual urine samples to check consistency of the findings. The dynamic range of the calibration spanned a range of up to 200-fold to the LOQ and moreover the expanded uncertainty was calculated for every analyte determination to assure the quality of the data upon method application in human urine samples.

4.  Application to the Analysis of Human Urine Samples 
Accurate and simultaneous quantification of a large number of endogenous AAs for epidemiological and nutritional studies where a large number of samples require analysis can be challenging. This can be due to variations in analyte concentrations as a result of e.g., nutritional status, variable matrix effects resulting from e.g., changes in matrix composition and lack of suitable reference materials. In such cases methods that offer rapid analysis times and practical approaches for accurate quantification are clearly advantageous. 
To demonstrate the utility of the method, a subset of samples from 20 individuals were analysed for the quantification of the 20 AAs and 9 AA derivatives. Urine samples were collected from humans of both sexes (n=9 female, n=11 male) aged from 14 to 63 years covering a wide range of weight (min=45 kg, max=120 kg) and height (min=1.60 m, max=1.80 m). The study population comprised healthy individuals with normal dietary habits. The samples were analysed in one batch with 4 biological QC samples, with one QC analysed in between every 5 samples. Acceptance criteria for analysis were satisfied with the data for the analytes for all four QCs varying by 15% or less between analyses. Τhe pragmatic approach of using the QC sample prepared from the test samples, which is widely used in untargeted profiling analysis, is shown here to provide an additional mean for assessing the quality of the multitargeted data. All the AAs and AA derivatives were detected in these urine samples at various concentrations as presented in μmol/g creatinine in the box plots shown in Figure 3 which provides the mean and range. The essential AAs lysine and histidine but also taurine, 3-methyl-histidine, creatine, glutamine, pyroglutamic acid, glycine and alanine were detected at higher concentrations compared to the rest of the AAs. The reference ranges in existing public databases and the literature vary significantly but those determined here are generally comparable. 
 The method proved valuable for the determination for a set of clinically relevant AAs species and their derivatives and could offer advantages in clinical or nutritional studies aiming in the investigation of metabolism disturbances related to several pathophysiological states. 

5. Conclusions
The continuing interest in AAs as biomarkers has prompted the need for methods which can provide reliable and high-throughput quantification of free AAs in biological fluids. 
The proposed method provides the fast, precise and accurate determination of 29 AAs and AA derivatives in human urine allowing the prompt assessment of AA metabolism disturbances for various applications. The method was shown to provide data for a healthy population analysed as part of a study assessing the dietary intake of AAs for nutritional purposes. Notable advantages of the method are the potential for high sample throughput due to simple sample preparation, short analysis time and no requirement for derivatisation due to the adoption of a HILIC chromatographic separation. Selectively, linearity, precision, accuracy, LOQ, matrix effects and stability were appropriate for the absolute quantification of the 29 analytes in urine. The uncertainty of the method, assessed based on validation data, provides an additional proof of measurement validity. The method may provide a valuable tool for many applications where AA metabolic signatures are required. 
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Figure Caption
Figure 1. Chromatographic peaks of amino acids, internal standards and amino acid derivatives in pooled urine QC sample prepared by the test samples of the presented application. 
Figure 2. Calibration curves comparing parallelism for 3-methylhistidine (a: area on y-axis, b response factor area 3-methylhistidine/ area 13C15N Histidine) and pyroglutamic acid (c: area on y-axis, d response factor area pyroglutamic acid / area 13C15N glutamic acid)
Figure 3. Distribution of concentrations of AAs and derivatives found in the studied population of 20 healthy subjects in μM/g creatinine.

Table Caption
Table 1. Detection parameters and retention time of amino acids and amino acid derivatives
Table 2. Slope ratios of the surrogate matrix calibration curve to the standard addition curve and Spike Recovery (%) at 3 concentration levels demonstrating the parallelism. Matrix effect is provided as slope ratio of the  calibration curve prepared in neat solvent to that prepared in QC urine with
standard addition. Variation in ME is shown by RSD% in the slope ratios calculated for 7 individual urine samples. 
Table 3. Linearity range, correlation coefficient, LOD and LOQ data for the studied analytes.
Table 4. Inter and Intra day performance characteristics  of the method. Precision is expressed as % relative standard deviation (RSD (%)) and accuracy is expressed as relative error (RE (%))
Table 5. Stability data expressed as Ct/C0, (%) for surrogate matrix spiked at 3 concentrations and for pooled QC sample. Freeze-thaw stability data are provided for pooled QC sample.
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