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1. Introduction
Metabolomics research is commonly performed in the con-
ext of systems biology [1,2], which involves integrated study of
he transcriptome, proteome, and metabolome. Metabolomics is
iewed as a potentially powerful application in many fields, for
xample, in specific biomarker discovery for clinical diagnostics,
rug discovery, or nutritional intervention based on personalised
utrition applications.

The metabolome can be defined as the entire cellular comple-
ent of endogenous low molecular weight (typically <1000 Da)

iomolecules [3]. It includes, but is not limited to, amino acids,
arbohydrates, lipids, peptides, purines, pyrimidines, vitamins, and
umerous metabolites involved in biosynthesis, biodegradation
athways and serving various functions [e.g., antioxidants, cofac-
ors, intra- and inter-cellular regulatory and signalling molecules
i.e., hormones, enzyme inhibitors, neurotransmitters, etc.)]. Bioan-
lytical techniques used for metabolomics should thus be capable of
ccurately monitoring numerous known and unknown molecules
hat span a diverse chemical spectrum and large dynamic concen-
ration range (estimated to be 7–9 orders of magnitude, ranging
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ation was assessed here for metabolic profiling analysis of urine samples
n time of 31 min revealed greater reproducibility, and the higher number of
pared to shortened run times (10 and 26 min). We have also implemented

the assessment of the quality and reproducibility of the data generated
orkflow (retention time drift, mass precision and fluctuation of the ion
the QC data, suitable standards for ensuring consistent analytical results

using the UPLC–MS techniques are recommended.
© 2008 Elsevier B.V. All rights reserved.

from pmol to mmol) [4]. Several analytical techniques are com-
monly used for metabolomics applications including mainly 1H
NMR and/or MS-based approaches. NMR has demonstrated its great
potential essentially due to a high reproducibility of measurements
and throughput of analysis [5,6]. Moreover, appropriate databases
have been progressively established [7–13]. However, a major prob-

lem of NMR metabolomic studies relates to the relatively poor
sensitivity of the technique (�g range). In parallel, GC, CE or LC
separation techniques coupled to on-line MS detection have been
widely accepted as complementary techniques to NMR, essentially
in terms of sensitivity. Recognising that no single technique can
be expected to meet all of the field’s diverse challenges, many
metabolomics research programs employ several analytical tech-
niques.

Metabolomic studies are very difficult to perform because of
the wide variability and flexibility of the biofluids (mainly urine)
associated with different confounding factors such as gender, age,
time of day, health state, lifestyle, diet, phenotypes [14]. In con-
trast to NMR spectroscopy, reproducibility of LC or ultra high
pressure liquid chromatography (UPLC) coupled to MS is more
challenging and needs to be precisely assessed. Indeed, the abil-
ity to demonstrate that high quality data is obtained is an absolute
prerequisite to support any sound biological insights. Although
metabolomic studies require a high analytical quality standard, this
is even more important for nutritional applications where subtle
changes in metabolic profiles are expected as compared to tox-
icological applications. In 2005, an initiative was undertaken to

http://www.sciencedirect.com/science/journal/15700232
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propose some recommendations for standardisation and report-
ing of metabolic analyses [15]. Surprisingly, only a few publications
report factors affecting the method performance for urine sam-
ples using LC–MS or UPLC–MS techniques. Waybright et al. have
focused their work on the optimisation of urine sample prepara-
tion and analytical parameters, but the reproducibility aspect of
their data was focused on retention times only [16]. Wagner et
al. described a targeted metabolites approach for measuring mer-
capturic acids in human urine assessed by replicate analyses of a
randomly chosen sample [17,18]. The within-day LC–MS data repro-
ducibility for metabolomics analysis was reported by Gika et al.
from human urine samples. The authors emphasised the use of QC
data to validate datasets before any further statistical treatment
and have introduced a workflow acceptance criteria [19]. Finally,
we found only one publication describing a quality control strategy
for metabolomics analysis using UPLC–MS [20]. The present work
describes the influence of the chromatographic conditions on the
reproducibility and the number of ions detected by UPLC–TOFMS.
Moreover, we have implemented two QC urine samples to assess
the good quality data for metabolomic study and to monitor the
performance of the instrument over time. The focus of the present
study was on the method optimisation and validation side rather
than to identify putative biomarkers.

2. Experimental

2.1. Reagents

Acetonitrile containing 0.1% formic acid (v/v) and water contain-
ing 0.1% formic acid (v/v), and water ULC/MS grade were purchased
from Biosolve (Brunschwig, Basel, CH). Leucine enkephalin was
purchased from Sigma (Buchs, CH). Methanol HPLC grade was
purchased from Fisher Scientific (Wohlen, CH). Metabolomics per-
formance test mix (Waters, Milford, MA, USA) comprised a mixture
of hippuric acid, theophylline, caffeine, and nortriptyline. Isotopi-
cally labelled internal standard d5-phenylalanine (ring-d5, isotopic
purity 98%) was purchased from Cambridge Isotope Laboratories
(Baumgarten, Switzerland).

2.2. Sample preparation

Urine samples were collected from different volunteers and
aliquoted into 1.5 mL Eppendorf tubes before storage at −80 ◦C.

Urine aliquot samples were thawed at room temperature and 25 �L
was introduced into an amber LC–MS certified vial containing
another 75 �L distilled water ULC/MS grade (1/4 dilution). The vial
was flushed under a nitrogen stream, sealed and placed in the
autosampler before analysis. A 5 �L volume of the diluted urine
was injected and analysed by UPLC–TOFMS.

2.3. UPLC conditions

Separation of the metabolites was carried out using the Waters
Acquity UPLC system equipped with the Acquity BEH C18 column
(2.1 mm × 100 mm, 1.7 �m). Mobile phases were composed of (A)
water containing 0.1% formic acid and (B) acetonitrile/water (80:20,
v/v) containing 0.1% formic acid. The analytical column and the
autosampler were maintained at a temperature of 30 ◦C (±2 ◦C) and
10 ◦C (±4 ◦C), respectively. A constant flow rate of 400 �L/min was
used during the whole analysis, giving a typical back pressure of
7200–11000 psi (ca. 500–760 bars). The gradient used was the fol-
lowing: from 0 to 3 min, 1% B; 3 to 18 min, 22% B; 18 to 30 min,
50% B; 30 to 31 min, 99% B; 31 to 36 min, 99%B, 36 to 36.1 min, 1%
B; 36.1 to 40 min, 1% B. The eluant was directed from the UPLC to
B 871 (2008) 253–260

the mass spectrometer between 0.5 and 31 min, and to waste at the
beginning and end of the gradient.

2.4. MS conditions

The MS detection was obtained on an LCT Premier TOF mass
spectrometer (Waters, Milford, MA) equipped with an electro-
spray ionisation source and lockspray interface for accurate mass
measurements. MS source parameters were set with capillary, aper-
ture 1 and cone voltages of 2500, 5 and 40 V, respectively. The
desolvation gas and source temperatures were set at 250 ◦C and
120 ◦C, respectively, whereas the nebuliser and cone gases flow
were respectively set at 700 L/h and 3 L/h. Data acquisition was
realised (with dynamic range enhancement mode activated) both
in negative and positive centroid acquisition mode (W analyser
mode) using MassLynx software version 4.1 (Waters, Milford, MA).
Full scan mass acquisition was performed by scanning an m/z range
of 100–1000 Th in a 0.2 s per scan (with an inter-scan time delay of
0.01 s). Lock mass calibration was realised by infusing a solution of
Leu-enkephalin (1 �g/mL solubilised in acetonitrile/water (1:1, v/v)
containing 0.1% formic acid) into the MS instrument every 20 scans
(5 scans were averaged). The protonated molecule (m/z 557.2802)
and its attenuated ion (m/z 556.2771) were used for positive ion-
isation mode (m/z 555.2645 and 554.6233 for negative ionisation
mode).

2.5. QA/QC samples

A large quantity of in-house urine, distinct from the samples
to be measured for a clinical study, was used as the QC1 sample.
Numerous aliquots were then prepared and kept at −80 ◦C until
use. The metabolomic Waters performance kit standards were sol-
ubilised with 1000 �L water/acetonitrile (98:2, v/v) to provide the
corresponding concentrations of 120 ng/�L (theophylline, caffeine
and hippuric acid), 60 ng/�L (4-nitrobenzoic acid), and 45 ng/�L
(nortriptyline). A 20 �L volume of this mixture was aliquoted into
different LC–MS vials, flushed under nitrogen and stored at −30 ◦C
until use. Every day, an aliquot was thawed at room temperature,
and to this 55 �L water followed by 25 �L pooled urine were added,
flushed under nitrogen and placed in the autosampler.

In addition, an aliquot of 50 �L of each urine sample belonging
to a clinical study was pooled to provide the QC2 sample. From this
pooled urine, several aliquots were prepared and kept at −80 ◦C
until use. Every day, a fresh aliquot QC2 was thawed and processed

as a normal sample.

2.6. Batch analysis

When starting a new metabolomics project, a dedicated new
UPLC column is used and equilibrated after running roughly 25
blanks under the chromatographic conditions described above. The
typical batch sequence of urine samples consisted in the consecu-
tive analysis of 2 QC1 spiked urine samples, 1 QC2 pooled urine
sample (at the beginning of the study or the week), followed by 1
QC1 spiked urine sample, 1 QC2 pooled urine sample, 10 unknown
urine samples, 1 QC1 spiked urine sample, 1 QC2 pooled urine sam-
ple, before running 10 unknown urine samples, etc. An identical
sequence was repeated to complete the total set of samples (n = 77,
including QCs) analysed in less than 3 days per ionisation mode. At
the end of the last QC2 pooled urine sample, the chromatographic
system was flushed with 10% acetonitrile in water for 2 h running at
a flow rate of 0.2 mL/min. Moreover, the MS interface was cleaned
(with methanol and water) once a week to ensure consistent and
reliable results and to prevent any tedious instrument maintenance
in the long term.
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2.7. Data treatment

QC1 urine samples: retention time (RT) consistency, accurate
mass precision and ion intensities (peak area and height) were
confirmed throughout the runs by assessing the spiked analytes
(theophylline, caffeine, nortriptyline, hippuric acid for positive ion-
isation mode, and hippuric acid, citrate, succinate for negative
ionisation mode). This information was automatically extracted
from the raw data using QuanLynx software (Waters, Milford, USA).
QC2 pooled urine samples: These runs along with the unknown
urine samples were pre-processed using MarkerLynxTM application
manager software version 4.1 (Waters, Milford, USA) to extract and
align RT and mass precision variables (calculated as mean values)
and to normalise the ion intensities. This dataset was then exported
as a txt file and further processed using SIMCA-P+ software version
11 (Umetrics, Umea, Sweden).

3. Results and discussion

As a global “holistic” metabolic fingerprinting profile, sample
handling before LC–MS analysis needs to be simplified as much
as possible to avoid any bias results. One-to-four dilution step (in
water) of urine samples prior to UPLC–MS measurement does fulfil
this criterion. To ensure the consistency of our results, we have anal-
ysed different urine samples, originating from a human lifestyle
study (n = 10 samples), using various chromatographic conditions.

3.1. Optimisation of the UPLC chromatographic conditions

Several authors have reported the use of fast gradient conditions
(12-min total run time) [21–24] and even faster ones (1.5-min total
run time) [25] for urine sample metabolic profiling, thanks to the
UPLC separation power. In this work, we have assessed the quality
of data generated from various gradient conditions using the UPLC
system coupled to the LCT Premier MS detector. Two different sets
of urine samples originating from males and females (n = 5, each)
were analysed. Each urine sample was injected in duplicate using
three UPLC conditions (i.e., 0–10 min for gradient 1, 0–26 min for
gradient 2, and 0–31 min for gradient 3). Fig. 1 depicts the typical
total ion chromatogram obtained for the 10-, 26- and 31-min gra-
dients. Under these conditions, typical peak widths of 6, 17, and
24 s were obtained, respectively. The shortened 10-min linear gra-
dient (Fig. 1a) depicts a poor separation of analytes from 0.5–2 to
4–7.5 min, as compared to the other gradients. On the other hand,

the 31-min (three steps linear) gradient revealed a better chro-
matographic separation compared to 10-min and 26-min gradient
conditions, especially in the second half of the run (Fig. 1c).

3.2. Data handling

Peak picking, alignment (RT and m/z values) and ion intensity
normalisation were realised using MarkerLynxTM application man-
ager software. The peak detection parameters set in MarkerLynxTM

were peak to peak baseline noise of 200, peak width of 12 s (at 5%
height), noise elimination level of 30, deisotope filtering activated,
running from 0 to 42 min. From each gradient condition, RT, masses
and significance information obtained underwent for further statis-
tical data treatment using SIMCA-P+ software. Fortunately, similar
variable pairs (RT and mass) were observed for the three gradi-
ent conditions, but additional ones were also highlighted with the
longer run time (i.e., 31-min gradient). Indeed, the total RT/mass
pairs obtained for each gradient condition were 2378 for the 10-min
gradient, 8743 for the 26-min gradient, and 21,862 for the 31-min
gradient. Obviously, the data handling was performed under iden-
tical conditions, reflecting that the difference observed is related
B 871 (2008) 253–260 255

to the gradient conditions. Consequently, the number of variables
was increased by a factor of 3.6-fold (26-min gradient), and 9.2-
fold (31-min gradient) as compared to the 10-min gradient. The
additional ions observed in longer run time (gradient 2 and 3)
are evenly distributed through the chromatogram. Obviously, these
new variables can reflect both additional metabolites, chemical
noise and possibly new adduct ions. However, the latter possi-
bility is less obvious as same HPLC solvents and MS parameters
were used for the three experiments. However, due to a better
chromatographic resolution of the compounds for longer run time,
some of these adducts may be visible. These results may also indi-
cate possible ion suppression related to shortened run time, due to
co-eluting molecules. Indeed, the ionisation efficiency of low abun-
dant molecules will be affected (mainly suppressed) by the high
abundant ones. Nordström et al. have also shown that the length
of separation was important for the number of detected features
[26]. Indeed, they have analysed identical human serum spiked or
not with a mixture of endogenous compounds. Their UPLC–TOFMS
analyses realised over a 31-min run time provided 30% more vari-
ables compared to a 10-min run time. However, the impact of UPLC
is indisputable due to overall improved performance, where the
peak capacity and the number of marker ions detected using a
fast UPLC separation (1.5 min) was found to be similar to that gen-
erated by conventional HPLC methods with a 10-min separation
[25].

Therefore, based on these results, two analytical strategies are
possible: (1) reducing the analytical run time to enable a higher
throughput of analysis or (2) increasing the analytical run time to
increase the number of molecules detected with an overall lower
throughput. Another solution to get both high throughput and good
data quality would be to use the latest MS instrumentation, com-
bining high pressure chromatography with ion mobility separation
on the MS side (Synapt HDMS Q-TOF instrument). Indeed, an addi-
tional separation dimension of molecules due to their characteristic
size and shape could improve the co-elution issue, while maintain-
ing high throughput analysis. Another interesting approach would
be to use 2D LC separation up-front before MS detection using high
pressure chromatography.

3.3. Repeatability (intra- and inter-assays)

From the dataset generated, principal component analysis (PCA,
an unsupervised method) was realised using mean centred and
Pareto scaling. This latter scaling approach was used to avoid mod-

elling chemical noise, as the square root of the standard deviation
is used. Fig. 2 depicts the PCA obtained for the 10 urine samples
analysed in duplicate under the three chromatographic conditions
tested. Among the three PCA plots, the most reproducible results
were obtained under the 31-min gradient conditions (Fig. 2c).
Indeed, the two replicates are very closely related in the PCA plot,
as compared to the other two gradients evaluated. Although it
is obvious to see the difference in repeatability of each gradient
by eye, we have calculated the median of the two-dimensional
Euclidean distance (ED) for each PCA model. For two 2D points
(P = (ppc1, ppc2) and Q = (qpc1, qpc2), the distance is computed as:

√
(ppc1 − qpc1)2 + (ppc2 − qpc2)2,

where pc1 and pc2 are the first and second principal component
scores. Therefore, the ED values calculated for each gradient tested
were ED = 35.2 (gradient 1), ED = 20.7 (gradient 2), and ED = 3.9 (gra-
dient 3). A lower ED value (gradient 3) reflects a better repeatability,
as compared to the other two gradients. In addition, we calculated
the variance captured by each principal component (PC) to provide
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Fig. 1. Typical chromatograms obtained from the analysis of a male urine sample analysed by UPLC–TOFMS in positive ESI mode. The UPLC gradient was realised within
(a) a 10-min, (b) a 26-min, and (c) a 31-min gradient conditions. Obviously, all other analytical parameters were kept the same. The gradient conditions used for the three
experiments are reported as insert.
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Fig. 2. Principal component analysis (PCA, mean centred and Pareto scaling) of
duplicate analysis of urine samples (n = 5 for males and females) obtained from the
(a) 10-min, (b) 26-min, and (c) 31-min gradient conditions. Male and female urine
samples are depicted in grey and black triangles, respectively.

figures on the variation due to the repeatability of each chro-
matographic method. The percent of variations captured by each
gradient were pc1 = 42%, pc2 = 11% (gradient 1), pc1 = 33%, pc2 = 11%

(gradient 2), and pc1 = 24%, pc2 = 11% (gradient 3). From the score
plot, we can see that pc1 is related to the variations between sam-
ples (higher in gradient 1 due to low repeatability). The loading
plot was not locked because we were not interested to know what
was causing these variations other than knowing the number of
metabolites measured. The low repeatability may be explained by
the number of data-points acquired for the three gradients. Thus,
careful observations on the results generated by the three gradi-
ents revealed roughly 5 (10-min gradient), 13 (26-min gradient),
and 27 (31-min gradient) data-points to define a peak. Considering
that a minimum of 10 data-points is normally required to provide
a well-defined peak to achieve reproducible results, the shortened
gradients evaluated may have hampered the quality of the data.
Taking into account all the above results, the 31-min gradient con-
ditions were kept for the analysis of urine samples. Additional
experiments were then realised by injecting the same urine sam-
ple (i) seven times on the same day (intra-assay) and (ii) over a
7-day period (inter-assay (n = 4), data not shown). Good repeata-
bility (ion response) for both intra- and inter-assay measurements
was obtained using the 31-min gradient with respective CV values
calculated at 4% and 12% (for theophylline), at 9% and 9% (for caf-
B 871 (2008) 253–260 257

feine), at 10% and 21% (for hippuric acid), and at 12% and 8% (for
nortriptyline).

3.4. System suitability test

Implementation of quality control checks was evaluated over
a relatively small lifestyle project in which 20 healthy volunteers
were submitted to an identical diet. Sampling of urine was realised
on three separate occasions (n = 3 for each volunteer), giving a total
of 60 urine samples. UPLC–TOFMS analyses were carried out both
in positive and negative ionisation acquisition modes, using QC1
and QC2 urine samples (as described in Section 2). According to
the 31-min gradient, the total set of urine sample measurements
were completed within 6 days in electrospray positive and nega-
tive ionisation modes (n = 77 runs for each acquisition mode). After
acquiring the whole set of urine samples, RT along with peak area
and height observed for the seven QC1 samples were extracted
using QuanLynx software. Table 1 summarises the data obtained
for each of the spiked compounds both in positive and negative ion-
isation modes. RT and mass precision shifts were below 0.03 min
and 5.0 ppm (mean value) for positive ionisation mode (and below
0.03 min and 4.6 ppm for negative ionisation mode). In addition,
elemental composition realised from a small number of scans at
the peak apex resulted in the expected composition hit in terms of
good mass accuracy and isotopic pattern (i-fit value ranking in the
first position in all cases). The latter value is a measure of likelihood
that the isotopic pattern of the elemental composition matches a
cluster of peaks in the spectrum. Thus, a lower value of i-fit, in
addition to a good mass accuracy, reveals a better chance to assign
the correct elemental formula proposed by the software. Among
the various parameters checked, fluctuation of the ion response
was the most critical one, as already reported by several authors
[19,20,27]. Coefficients of variation (CV) of the area measured for
the four spiked compounds ranged from 3% (hippuric acid) up to
22% (nortriptyline) in positive ionisation mode, and from 7% (hip-
puric acid) up to 16% (succinate) in negative ionisation mode. In
addition, the ratios of peak height against peak area provide an
indication of the good chromatographic performance (i.e., identical
peak width). Indeed, an overall decrease in these ratios will reveal
a deterioration of the UPLC column due to peak broadening, which
was not the case for our measurements. Obviously, a clear cut-off
decision is rather difficult to make. A QC1 sample judged to be out-
side the acceptance criteria will result in exclusion of all unknown
samples measured before and after the “bad” QC1, and will need to

be re-analysed. In the general guidance defined by the FDA docu-
mentation, the precision determined at each of the concentration
levels should not exceed a CV calculated above ±15% (and ±20%
when reaching the limit of quantification) [28]. This guidance also
mentions that 2 out of 6 QC samples (i.e., 33%) can fall outside
the former acceptance criteria, while the whole sequence will still
be accepted. This document was not established for metabolomics
applications but more for targeted approaches (with available stan-
dard compounds). In such cases, an optimised sample preparation
must be developed, leading to less ion suppression/enhancement
phenomena due to “clean” extracts. On the contrary, urine sam-
ples may differ greatly between individuals and also due to the
time-point of sampling. With our belief and experience when deal-
ing with metabolomic analysis of urine samples, we propose that
a CV value greater than ±25% should be considered as outside the
acceptance window. However, if one QC1 sample falls outside this
value, then all the unknown urine samples analysed before and
after the QC1 excluded (until the next valid one) will need to be
re-analysed.

All these quality control checks are vital before pre-processing
the samples of any study. Indeed, some key parameters need to
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Table 1
Quality assessment of QC1 runs (n = 7, analysed every 10 urine samples) obtained from UPLC–TOFMS positive and negative ionisation modes

QC1 (run number) 1 2 3 4 5 6 7 Mean CV

ESI (+)
Theophylline C7H8N4O2

RT (min) 7.80 7.81 7.81 7.81 7.81 7.80 7.83 7.81 0.13%
Area 275 273 291 289 295 291 265 283 4%
Height 3,330 3,290 3,290 3,250 3,290 3,320 3,310 3,297 1%
Height/area 12.1 12.1 11.3 11.3 11.1 11.4 12.5 11.7 5%
Mass error (ppm) −4.4 −5.0 −7.7 −6.7 −3.9 3.9 −2.2 −3.7
i-Fit 0 1 2 1 4 2 2 2

Hippuric ac. C9H9NO3

RT (min) 8.84 8.85 8.86 8.85 8.85 8.85 8.86 8.85 0.08%
Area 338 355 336 355 334 349 324 342 3%
Height 3,060 3,300 3,240 3,240 3,080 3,120 3,220 3,180 3%
Height/area 9.1 9.3 9.6 9.1 9.2 9.0 9.9 9.3 4%
Mass error (ppm) −12.8 −7.2 −6.1 5.6 −9.4 10.6 −2.2 −3.1
i-Fit 3 1 1 30 3 35 1 10

Caffeine C8H10N4O2

RT (min) 10.18 10.17 10.18 10.18 10.18 10.18 10.19 10.18 0.06%
Area 312 357 344 361 345 362 295 340 8%
Height 4,290 5,040 4,610 4,820 4,610 4,750 3,740 4,551 9%
Height/area 13.8 14.1 13.4 13.3 13.4 13.1 12.7 13.4 3%
Mass error (ppm) 5.6 2.6 4.1 −4.6 −4.1 0.5 −2.1 0.3
i-Fit 83 72 94 70 6 81 50 65

Nortriptyline C19H21N
RT (min) 25.85 25.84 25.83 25.84 25.83 25.83 25.82 25.83 0.04%
Area 290 398 477 456 488 401 603 445 22%
Height 3,320 4,610 5,570 5,800 6,090 4,750 7,080 5,317 23%
Height/area 11.4 11.6 11.7 12.7 12.5 11.8 11.7 11.9 4%
Mass error (ppm) −7.6 −7.9 4.5 −1.9 −12.1 −6.8 −3.4 −5.0
i-Fit 2 237 398 394 6 333 367 248

QC1 (run number) 1 2 3 4 5 8 9 Mean CV

1.1
,664
,342

8.0
−5.2
25.3

1.5
11.7

139
11.9
−3.4

2.8
ESI (−)
Citrate C6H8O7

RT (min) 1.10 1.10 1.10
Area 4,004 3,779 3,617 3
Height 31,241 29,191 28,923 29
Height/Area 7.8 7.7 8.0
Mass error (ppm) −9.4 3.1 5.8
i-Fit 11.2 16.3 18.3

Succinate C4H6O4

RT (min) 1.51 1.51 1.51
Area 11.5 8.2 10.0
Height 130 109 133
Height/Area 11.3 13.3 13.3
Mass error (ppm) 1.7 1.7 −0.9
i-Fit 3.3 4.7 2.2
Hippuric ac C9H9NO3

RT (min) 8.79 8.79 8.80 8.8
Area 5,013 4,920 4,939 4,873
Height 43,123 42,341 43,160 42,690
Height/Area 8.6 8.6 8.7 8.8
Mass error (ppm) 2.8 0.0 0.0 6.2
i-Fit 43.9 15.3 15.5 42.3

be defined, within MarkerLynxTM software, in order to adequately
align both RT and observed mass. Fig. 3 depicts the PCA score
plots obtained from all unknown urine samples plus the QC2 ones,
after MarkerLynxTM pre-processing treatment (alignment and ion
intensity normalisation). As one would guess, QC2 plots need to
be tightly grouped together to ensure the consistency of the data
(both within- and between-days). Although this was the case for
the runs performed in negative ESI mode, a different behaviour was
observed for QC2 6 and QC2 7 in positive ESI mode (Fig. 3a bottom).
Therefore, the unknown urine samples analysed in between these
two QCs along with two new QC runs (QC2 8 and QC2 9) were re-
analysed. The loadings of these new QC2 runs fitted well with the
former QC2 ones (for both PC axes). These examples highlight the
1 1.10 1.08 1.08 1.10 1.03%
3,288 3,106 2,787 3,463 12%

24,077 22,332 20,304 26,487 16%
7.3 7.2 7.3 7.6 5%

−13.1 −4.7 −6.3 −4.3
35.8 5.3 16.3 18.4

1 1.51 1.51 1.50 1.51 0.25%
9.3 9.6 7.5 9.7 16%

115 115 98 120 12%
12.3 12.0 13.1 12.5 6%
2.6 −6.8 0.6 −0.6
3.6 4.4 1.5 3.2
0 8.79 8.78 8.79 8.79 0.08%
4,574 4,445 4,139 4,700 7%

39,600 38,570 35,887 40,767 7%
8.7 8.7 8.7 8.7 1%

−4.5 0.6 −0.6 0.6
6.5 21.3 20.8 23.7

importance of monitoring QC2, as they can be processed as the
unknown samples, to ensure both good data quality obtained from
the analytical side and to confirm that no bias is introduced during
the statistical treatment.

3.5. Linearity and quantification aspects

To assess the suitability for quantitative or semi-quantitative
measurements using UPLC–TOFMS, a calibration curve was
constructed from a urine sample spiked with a mixture of
caffeine, nortriptyline, hippuric acid, leucine, theophylline and
d5-phenylalanine. Five calibrants in a concentration range of
0–3.6 ng/�L (ca. 0–18 ng injected on-column) were analysed by
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urine samples forms a lifestyle study. UPLC–TOFMS analysis was carried out in (a) positive
on 2). Bottom figures represent an expanded view of the rectangle to zoom in the region
Fig. 3. Principal component analysis (mean centred and unit variance scaling) of 67
and (b) negative ESI acquisition modes (analytical conditions are described in Secti
of the QC2 samples (run number for each QC2 sample was highlighted).

UPLC–TOFMS in duplicate over a 2-day period. Two calibration
curves for each analyte were realised by plotting either the peak
area against the injected amount or the area ratio (analyte vs. d5-
phenylalanine) against the injected amount. A good linearity was
observed (peak area against injected amount) over the concen-
tration range measured for all analytes with respective intercept
and slope values of +106.75 and 9.55 for caffeine (r2 = 0.9975),
of −53.59 and 35.96 for nortriptyline (r2 = 0.9800), of +0.03 and
0.14 for leucine (r2 = 0.9609), and of +181.64 and 4.59 for theo-
phylline (r2 = 0.9901) (positive ionisation mode). The intercept
values being greater than zero reflect the presence of endogenous

analytes in our urine sample (i.e., caffeine and theophylline were
back calculated at respective concentration levels of 46.8 ± 1.5 �M
and 176.6 ± 2.1 �M). When plotting the area ratio (analyte vs.
d5-phenylalanine) against the injected amount, the correlation
coefficients were slightly lower as compared to the analyte area
itself (data not shown). These results indicate that quantitative
information of a particular analyte is better achieved without
normalisation via the use of an internal standard (unless with a
homologue isotopically labelled internal standard). It is worth men-
tioning that the CV obtained from the area of d5-phenylalanine
(n = 14, injected amount of 50 ng) was calculated at 3%, indicating a
very good reproducibility of the UPLC–TOFMS system.

To complement these data, and to get a better picture of the
“real-life” situation, we have analysed a urine sample spiked with
the same mixture of compounds at three concentration levels 5, 10,
and 15 ng/�L (ca. 25, 50, and 75 ng injected on-column) over a 7-
day period. Fig. 4 depicts the area of caffeine analysed in duplicate
for each day. Beside a small variation observed for the medium
concentration level at day 3, a clear difference was obtained for the
three different spiking levels, in a reproducible manner. Overall,
Fig. 4. The peak area of caffeine, in a spiked urine sample, was plotted over a 7-day
period (injected in duplicate every day). For each data-point, the CV value was calcu-
lated from the between-day mean value of distinct concentration level (�: 25 ng/�L,
�: 50 ng/�L, �: 75 ng/�L).

the CV values calculated from the analyte area of each data-point
against the mean area of the corresponding spiking level were lower
than 19%.

4. Conclusion

Method validation was assessed here for metabolic profiling
analysis of urine samples using UPLC–TOFMS. From the chro-
matographic side, a longer run time of 31 min revealed greater
reproducibility, and the higher number of variables was identified
as compared to shortened run times (10 and 26 min). In addition,
we have used two quality control urine samples originated from
a distinct sample spiked with known metabolites (QC1) and from
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a pooled urine sample (QC2) prepared by taking an aliquot from
all urines that were collected for a clinical trial. These QC sam-
ples enabled assessment of the good quality of the data generated
during the whole analytical workflow. Retention time drift, mass
precision and fluctuation of the ion responses were checked over
time from the QC1 runs, whereas a principal component analysis
obtained from the QC2 runs, along with the unknown urine sam-
ples data, was used to ensure a tight grouping of all QC2 runs. As
the most critical parameter identified was the ion response fluctu-
ation, we proposed an acceptance criterion of ±25% (CV calculated
from the mean value of spiked compounds) to accept or reject
QC1 runs (urine spiked sample) to ensure a quality standard for
metabolomics applications using UPLC–TOFMS.
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