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Abstract
There is increasing recognition that the host response to critical illness includes derangement of
multiple amino acid pathways, including amino acids (AAs) central to metabolism and immune,
endothelial and neurological function. To characterise concentration changes of these plasma
amino acid we report the development and validation of a method for the quantification of AAs in
small volumes of plasma (50 μL) using HPLC with simultaneous UV and fluorescence (FL)
detection. Protein precipitation and pre-column derivatization with 6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate (AQC) is followed by reversed phase HPLC separation.
Calibration curves were built with norleucine as an internal standard. Thirty three (including the
20 proteinogenic) AAs, were selected as standards and their corresponding concentrations in the
plasma of healthy human controls and patients with severe falciparum malaria were quantified.
This method enables the detection of perturbations in arginine metabolism, aromatic amino acid
pathways, methionine transsulfuration and transmethylation pathways and other metabolic
pathways.
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1. Introduction
Analysis of plasma amino acids is important in understanding mechanisms of disease in
critical illness. Severe malaria, severe sepsis and other critical illnesses are characterised by
the derangement of multiple enzymatic pathways and altered concentrations of multiple
amino acids and their metabolites, many of which are at the limits of detection or
quantification in mild illness or in healthy individuals. This complexity requires careful
optimisation of separation methods to avoid overlapping peaks using HPLC. Small volumes
of plasma, available from children and critically unwell patients, also require a highly
sensitive method for quantitative analysis. Altered amino acid synthesis, catabolism and
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recycling have been observed with impaired endothelial, immune and neurological function
in critical illness. Changes in plasma AAs include those involved in the arginine-NO
pathway (arginine, citrulline, ornithine, glutamine) [1-6], indoleamine 2,3-dioxygenase
pathway (kynurenine and tryptophan) [7-9] and phenylalanine hydroxylase-dependent
catabolism (phenylalanine and tyrosine)[5].

Currently a range of analytical platforms, equipped with diverse modes of separation and
detection, are used for the analysis of AAs in assorted matrices. Liquid chromatography with
tandem mass spectrometry (LC-MS/MS) has been widely applied for qualitative and
quantitative analysis of AAs due to the advantage of high specificity compared with the
classical optical detection method i.e. UV and FL. However the high cost of equipment,
limited availability of isotope-labelled standards, issue of ion suppression, complication of
data interpretation and variable reproducibility are problems associated with LC-MS/MS in
the delivery of an accurate and broad spectral (over 30 individual compounds) analysis of
AAs. HPLC methods using pre-column derivatization with AQC and reversed phase column
separation, followed by UV and FL detection, have been well established to provide simple,
accurate, reliable and low cost solutions to AAs quantification [10-13].

We report here a protocol for an extensive quantitative analysis of AAs in plasma from
patients with critical illness. Thirty three (including the 20 proteinogenic) AAs can be
reliably and simultaneously quantitated using this method, with their quantification ranges
optimised to span the spectrum of concentrations seen from healthy humans to fatal severe
falciparum malaria. In particular, this is the first report of simultaneous determination of
arginine, cystathionine, citrulline, kynurenine, tryptophan, phenylalanine and tyrosine;
which have been linked to pathogenesis of severe malaria, sepsis and other acute
inflammatory diseases

2. Materials and methods
2.1. Materials

All AAs and sodium acetate trihydrate were purchased from Sigma-Aldrich-Fluka. HPLC
grade acetonitrile was obtained from Burdick and Jackson (Muskego, MI, USA), absolute
ethanol was a Scharlau product, glacial acetic acid and 32% HCl were purchased from
Merck. Deionised water (18 MΩ resistivity) was used to prepare all aqueous solutions and
the mobile phases. A derivatization reagent, AccQ-Fluor™ reagent kit was supplied by
Waters (Milford, MA, USA).

2.2. Plasma samples
Venous blood from healthy volunteers or malaria patients was collected into lithium heparin
tubes (Vacutainer, Becton Dickinson, Franklin Lakes, New Jersey), centrifuged (492 × g for
8min) within 30 min of collection and the plasma was aspirated and frozen at −80 °C until
analysis [1]. A pool of plasma from healthy Australian blood donors (n = 2) was used as
quality control (QC) plasma. QC plasma was spiked with kynurenine to increase the
endogenous level above the limit of quantification of the method. The use of the QC plasma
was approved by the Ethics Committees of the Australian Red Cross and Menzies School of
Health Research.

2.3. Sample preparation
Plasma samples or standards were centrifuged at 10,000 × g for 1 min before 50uL of each
supernatant was mixed with 50 μL of 90 μM norleucine in a 1.7 mL plastic Eppendorf tube
and vortexed briefly. 200 μL of ice-cold ethanol was then added and vortexed to mix. The
mixture was centrifuged 10,000 × g for 2 min. 15 μL of the supernatant was added to 65 μL
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of borate buffer (AccQ-Fluor™ kit) in a 250 μL HPLC vial insert, and then reacted with 20
μL AccQ-Fluor™ reagent by immediate vortexing for 10 s.

2.4. Chromatography
The HPLC system consisted of a Shimadzu LC-10ADVP pump (flow rate: 0.65 mL min−1),
a SIL-10ADVP autosampler (inject volume: 10 μL), a CTO-10AS VP column oven, a
SPD-10AVP UV-vis detector and a RF-10AXL FL detector. The detectors were connected
in series. Derivitized extracts were separated on two C18 Gemini-NX analytical columns
(150 mm×4.6 mm, 3 μm) connected in series and protected by a C18 security guard cartridge
(4.0mm×3.0 mm). Analytical columns and guard cartridges were purchased from
Phenomenex (Lane Cove, NSW, Australia).

Two 1 M stock solutions of sodium acetate buffers were prepared at different pH using
glacial acetic acid: stock A, pH 4.90 and stock B, pH 5.85. One litre of mobile phase A
consisted of 50 mL buffer stock A and 20 g ethanol, made to volume with water. Mobile
phase D was a 1:50 dilution of buffer stock B. Mobile phases B and C were acetonitrile and
water respectively. Gradient conditions are shown in Table 1.

Concentrations for Hyp, Asp, Asn, Glu, Gln, Gly, Ser, Tau, 3-MH and Cit were determined
from the fluorescence trace (Ex. 250 nm, Em. 395 nm) and by UV absorbance (250 nm) for
the remaining AAs. Standard abbreviations for amino acids were used (Table 2).

2.5. Calibration and validation
Stock solutions of both AA standards mixture and norleucine (internal standard) were
prepared in 0.1 M HCl, aliquoted and stored at −80 oC. The norleucine working solution (90
μM) was a 3:100 dilution of norleucine stock solution (3 mM in 0.1 M HCl) with 0.04 M
HCl. In the stock solutions of AA standards mixtures, a range of initial concentrations were
selected to encompass physiological and disease-associated concentration ranges. Six
calibration standards were made by diluting the stock solutions with water. The working
range of each individual amino acid is shown in Table 2. A calibration curve (with six
levels) for each analyte, using peak area/amount ratios of the analytes to internal standard
was constructed from integrated chromatograms.

In order to determine the accuracy of the method, the pooled QC plasma was spiked with
standards at three different concentrations and repeated in triplicate. Recovery was
determined by comparing the peak areas of analytes between the un-extracted standards and
the pooled QC plasma spiked with standards, at three different concentrations, through the
extraction process [14]. The limit of detection (LOD) and the limit of quantification (LOQ)
were calculated as 3.3α/S and 10α/S, respectively, where α is the standard deviation of y-
intercept and S is the slope of regression line [15]. The intra-assay precision of the method
was determined by running six QC samples consecutively and calculating the concentration
of the analytes of interest. Inter-assay precision was calculated by running QC samples over
three different days.

3. Results and discussion
3.1. Chromatography

This method provided detection of 33 AA derivatives using a combination of UV and FL
detection. The concentrations of Glu, Gln and Gly were determined by FL chromatography
due to the large interfering peak of 6-aminoquinoline (AMQ) in the UV chromatogram (Fig.
1). Hyp, Asp, Asn, Ser, Tau, 3-MH and Cit were also calculated by FL chromatography as
the peak responses were higher with FL detection than with UV detection. The
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concentrations of the remaining AAs were calculated from the UV trace as their separation
from other AQC-reacting molecules, of unknown identity in plasma samples, was superior
to that with the FL trace. Some derivatized AAs of interest, such as Cysta, Kyn and Try
were poorly visible, or undetectable using FL detection at λex/λem = 250/395 nm. UV
detection was essential for these AAs and allowed an extra means of identification if co-
eluting peaks occurred in plasma.

3.2. Method validation
The results of linearity of calibration curves with correlation coefficients are shown in Table
2. For most of the analytes, the r2 was higher than 0.999 except 1-MH (0.997). LOD values
obtained in this work indicated that the current method is sensitive enough to detect the
targeted analytes in the QC. Three AAs, Sar, Cysta and βAIBA in the QC sample were
below the LOQ of the method. The average recovery values of AAs ranged between 93.8
and 107.3%. The accuracy ranged between 91.7 – 103.3% for most of the AAs analysed.
However, the accuracy value of (Cys)2 was only 87.6%. A similar pattern was also found in
interday precision valuation, i.e., high RSD with (Cys)2 (23.6 %) with all others <7.1%,
except for Glu (24.4%). Poor interday precision of Glu has been reported previously [16].
Glutamine concentrations in plasma and solution can be unstable and glutamine deamidates
under adverse conditions [17, 18]. In terms of intraday repeatability, no RSD exceeded 6.7
%. In addition to the validation results, the plasma amino acid concentrations measured in
the healthy adults (Table 2) all fell within published reference ranges [19-21].

3.3. Strengths and limitations of the assay
This method was developed for the simultaneous determination of 33 derivatized AAs and
compounds in critical illness. This method has been used to quantitate AAs in plasma
samples from patients with severe malaria and severe sepsis [3, 8, 9]. Among these AAs,
Arg, Cysta, Kyn, Try, Phe and Tyr have been linked to pathogenesis of severe malaria and
sepsis [1, 3, 4, 8, 9]. Representative amino acid profiles of a SM patient and a health QC
volunteer are shown in Fig. 2 and demonstrate the ability to separate the multiple peaks of
amino acids and their metabolites seen in critical illness. Most of the AAs can be measured
with baseline chromatographic separation. Only 50 μL of plasma volume is required without
compromising sensitivity, making the assay suitable in patient populations in which only
small blood volumes are available for testing, including children and critical illness.

A disadvantage of this method is the long running time, due to the limitations inherent in
HPLC systems and the complexity of biological samples and disease states. Cystine and
homocystine failed to pass validation. These thiol dimers need to be reduced and analysed
separately to achieve quantitative results [22]. It is also worthy of note that although 33 AAs
were included in this method, there are still other clinically important AAs such as
asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) cannot be
monitored by this method. Instead, a separated method has been developed as reported [23].

Importantly, as this method achieves accurate and precise results from small volumes of
plasma it is particularly useful for research into critical illness.
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Highlights

• A sensitive and reliable method for quantitation of 33 Amino acids was
developed and validated.

• This method was applied to small plasma volumes from patients with critical
illness.

• Simultaneous determination of Arg, Cit, Kyn, Try and Phe which have been
linked to pathogenesis of severe malaria and sepsis.
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Fig. 1.
Chromatogram of standards mixture: (a) the UV channel; (b) the FL channel.
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Fig. 2.
Comparison of Amino acids profiles (1: FL; 2: UV) from A: a plasma sample from a patient
with severe falciparum malaria, B: Quality Control plasma pooled from healthy Australian
blood donors.
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