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INTRODUCTION
The measurement of metabolite levels and variation in biofluids 
can offer many insights into disease processes, drug toxicity and 
response to therapeutic intervention, as well as providing informa-
tion regarding the effects of growth and aging, diurnal variation, 
nutrition and exercise on metabolism1–15. 1H NMR spectroscopy 
and mass spectrometry (MS) are the two main analytical spectro-
scopic approaches in metabolic profiling, usually offering comple-
mentary information, but with different operational performance 
characteristics1–9. The protocols for the efficient use of NMR spec-
troscopy in biofluids and tissues have been presented recently16. 
Here we consider the particular protocols and approach needed 
to efficiently analyze urine samples by MS, which pose a particular 
analytical challenge in metabolic profiling. Metabolite separation 
techniques before MS analysis, such as liquid chromatography (LC), 
can both reduce mass spectral complexity and provide additional 
information on metabolite physicochemical properties, which may 
help in metabolite identification. It is appreciated that the parallel 
application of different MS-based techniques, e.g., GC–MS and 
LC–MS, combined with NMR spectroscopy, may be required for 
comprehensive metabolic profiling.

MS-based metabolite profiling
In the context of metabolic profiling, MS, when carried out carefully, 
can afford sensitive, accurate and reproducible measurements of the 
metabolites present in biofluids, tissues or organisms, with the abil-
ity to cover a wide dynamic range 17–20. These attributes are essential 
for addressing the challenges of biomarker discovery, as the range of 
metabolite concentrations easily exceeds nine orders of magnitude in 
many biofluids, and the diversity of molecular species encompasses 
simple amino and organic acids, hormones, neurotransmitters, vita-
mins, peptides, lipids and complex carbohydrates. MS provides a 
sensitive and reproducible approach to metabolic profiling. Detailed 
information can be obtained regarding the metabolic state of a biofluid 

and structural information can be obtained on a wide range of impor-
tant metabolites. The role of MS in metabolic profiling is evolving 
constantly, as both instrumentation and software becomes more 
sophisticated and researchers realize current technological capabilities. 
Additional challenges arise in generating a comprehensive metabo-
lite profile, downstream data processing and analysis, and structural 
characterization/elucidation of important metabolites. A typical MS-
based metabolic profiling workflow is shown in Figure 1.

Urine samples for metabolite profiling
Urine poses several analytical challenges for metabolic profiling, due 
to large variations in ionic strength, pH and osmolarity, particularly 
under conditions of physiological stress. Further, urine possesses a 
huge dynamic range of metabolite concentrations, as well as being 
subject to variable and unpredictable dilution. It is important to note 
that there is an extreme diversity of chemical classes in urine, encom-
passing microbial cometabolites as well as mammalian metabolites. 
In the case of humans, drugs, pollutants and industrial chemicals may 
also be present in urine. In summary, there are more possible com-
pounds present in urine than any other biological matrix, making data 
analysis and biological interpretation challenging. However, urine is a 
key biological matrix in metabolic profiling studies, as its collection is 
noninvasive (and therefore simple), and urine samples are less likely 
to be volume-limited, although this is dependent on both the animal 
and collection times21,22. Further, urine can easily be sampled in a serial 
manner, allowing temporal metabolic changes to be studied. As urine is 
not under homeostatic regulation, being a waste product, it can reflect 
metabolic disregulation, thus providing insights into system-wide 
changes in response to physiological challenges or disease processes.

Sample preparation
Urine, particularly from healthy human individuals, contains rela-
tively little protein (or other high molecular mass compounds) 
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biofluids/tissues to study perturbations in response to physiological challenges, toxic insults or disease processes. Information-
rich analytical platforms, such as mass spectrometry (MS), are needed. Here we describe the application of ultra-performance 
liquid chromatography–MS (UPLC–MS) to urinary metabolite profiling, including sample preparation, stability/storage and the 
selection of chromatographic conditions that balance metabolome coverage, chromatographic resolution and throughput. We 
discuss quality control and metabolite identification, as well as provide details of multivariate data analysis approaches for 
analyzing such MS data. Using this protocol, the analysis of a sample set in 96-well plate format, would take ca. 30 h, including 
1 h for system setup, 1–2 h for sample preparation, 24 h for UPLC–MS analysis and 1–2 h for initial data processing. The use of 
UPLC–MS for metabolic profiling in this way is not faster than the conventional HPLC-based methods but, because of improved 
chromatographic performance, provides superior metabolome coverage.



  
p

u
or

G  
g

n i
h si l

b
u

P er
u ta

N 010 2
©

n
at

u
re

p
ro

to
co

ls
/

m
oc. e r

ut a
n .

w
w

w / /:
pt t

h

protocol

1006 | VOL.5 NO.6 | 2010 | nature protocols

because of filtration through the renal 
tubules. Obviously this may not be the case 
in certain renal diseases, or in experimental 
animal studies, as rodents are physiologi-
cally proteinuric. The sample preparation 
approaches for MS urine analyses are much 
simpler than for biofluids such as serum or 
plasma (or example, refs. 18–20), or tissues. 
Often, centrifugation to remove particu-
lates followed by dilution with water (1:1 
to 1:3 vol/vol depending on origin of urine, 
that is human or rat) is all that is required, 
and such an approach clearly minimizes the 
potential for analyte losses. An alternative approach for the removal 
of urinary proteins and particulates is the use of molecular weight 
cut-off filters, though care must be taken in preparing and handling 
these filters to minimize the risk of sample contamination, particu-
larly if glycerol has been used in their manufacture or storage.

After the removal of particulates, samples are then transferred to 
appropriate LC vials (typically maximum recovery vials) or, more 
commonly in large-scale metabolic profiling studies, 96-well plates 
with cap mats. Prepared samples should be kept on ice or in the 
fridge at 0–4 °C before transferring to the autosampler, where they 
should also be kept at 0–4 °C throughout the analysis. If necessary, 
prepared samples can be stored frozen at the lowest available 
temperature (at least  − 20 °C) before analysis.

Separation techniques
Although direct infusion of samples into a mass spectrometer can 
provide a rapid method for obtaining metabolic fingerprints, this 
can lead to the loss of signals for particular analytes as a result of 
ion suppression due to competing analytes entering the MS simul-
taneously23–25. Therefore, for metabolic profiling studies, it is better 
practice to carry out a separation, which is not only typically chro-
matographic but also using capillary electrophoresis (CE) before 
MS analysis to reduce the potential for ion suppression. Gas-chro-
matography–MS (GC–MS) was one of the first MS-based meta-
bolic profiling techniques26 and is still widely used today for both 
global metabolite analysis and targeted applications such as urinary 
steroid profiling27. However, the use of GC in this role has limita-
tions, especially for urine, as by definition separation takes place in 
the gas phase and analytes must therefore be volatile. Many of the 
analytes present in urine are polar, ionic and relatively involatile 
and, as a result, require complex and lengthy sample preparation 
and derivatization to obtain samples that are both suitable for injec-
tion onto the GC column and that contain volatile analytes (a useful 
review of derivatization procedures is to be found in ref. 28).

Liquid chromatography, especially reversed-phase (RP)LC, is 
well suited to the analysis of the types of polar, water soluble mol-
ecules typically encountered in urine, with the ability to measure 

a wide range of chemical classes of molecules, enabling the gen-
eration of complex metabolic profiles without the need for prior 
derivatization. With a properly optimized separation, the number 
of coeluting analytes entering the mass spectrometer ion source at 
any one time can be reduced and so ion suppression is decreased. 
An efficient analytical separation will result in improved detection 
limits and therefore better mass spectral data quality because of 
reduced background noise.

Column choice
The choice of column for LC analysis is dependent on the matrix of 
interest, and so by default, the compounds being analyzed. In urine, 
the components of interest are predominantly of low molecular 
mass and are generally hydrophilic. Hence, RP columns, typically 
C18-bonded silicas, with good retention power, provide a good 
general system for the metabolite profiling of urine. High-strength 
silica (HSS) columns for ultra-performance LC (UPLC)–MS sys-
tems show improved retention of certain polar metabolites and thus 
are a possible alternative to traditional C18 columns29. To ensure 
retention, the samples are loaded onto the column under conditions 
where the mobile phase is predominantly aqueous (i.e., 99–100% 
water), and therefore of low elutropic strength, after which the ana-
lytes are eluted from the column and into the MS using a gradient 
with increasing organic solvent content (most often acetonitrile or 
methanol). Mobile phase additives, e.g., formic acid, are often added 
to reduce the pH of the mobile phase, to suppress the ionization of 
weak organic acids, and thereby improve retention.

Although conventional HPLC is well suited to urine analysis, 
the introduction of UPLC, with its greatly enhanced chromato-
graphic efficiency, has improved sensitivity, resolution and analy-
sis time, resulting in the detection of an even greater number of 
metabolites30.

Although RP chromatography is the standard approach for sepa-
rating medium polar and nonpolar analytes, highly polar metabo-
lites will not be retained and so elute with the void volume, thus 
hindering unambiguous identification and accurate quantification. 
For these applications, hydrophilic interaction chromatography 
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Figure 1 | Flow diagram of a typical MS-based 
metabolite profiling workflow. Step 1 is sample 
preparation, followed by MS analysis, usually 
coupled to a LC or GC separation step. A key 
component is data analysis, which can be 
divided into data preprocessing and chemometric 
analysis. This is then followed by the 
identification of important metabolites.
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(HILIC), using either silica or derivatized silica columns, provides 
complementary information to that obtained using RP chro-
matography31–33. HILIC approaches combined with electrospray 
ionization (ESI)–MS techniques have already been applied to the 
analysis of urine33,34 and show different selectivity compared with 
conventional RP separations34. HILIC provides an improved means 
of profiling certain classes of polar analytes, thereby giving a differ-
ent view of the composition of the urine samples compared with 
the RP mode. Together, the application of RP and HILIC columns 
for urine analysis by UPLC has been shown to provide comple-
mentary metabolite information, and thus enhanced metabolome 
coverage34. However, for general profiling applications conventional 
RP-based methods provide a good starting point for the analysis 
of urine.

Considerations for optimizing UPLC conditions
As urinary metabolites cover a wide range of polarities, isocratic 
solvent systems are not suitable for comprehensive analysis and so 
gradient elution is used, where the eluotropic strength of the sol-
vent is increased as the analysis progresses. The choice of gradient 
is sample dependent, but also relates to the question being asked, 
i.e., whether the analysis will be untargeted or targeted. UPLC gra-
dients for urine samples can range from as short as 5 min up to  
30 min for more complete metabolome coverage34–37. If the goal of a 
researcher’s study is to detect the greatest number of metabolites in 
their samples, they are then advised to try different column dimen-
sions and gradients to determine which is most suitable for their 
sample set. However, there is a choice to be made between through-
put and metabolome coverage/peak resolution as, in general, short 
runs will detect fewer ions than long ones for a variety of reasons, 
including ion suppression. Empirically, a reasonable compromise 
between speed of analysis and metabolome coverage for urine is 
provided by a 10–12 min UPLC–MS gradient, which will afford 
good metabolite separation combined with moderate throughput 
(Fig. 2). Column temperature is another, often neglected, param-
eter that should be actively controlled to ensure reproducible chro-
matography. Generally separations are carried out at controlled 
temperatures, typically up to 60 °C38, though higher temperatures 
have been effectively used in a number of cases38,39. For reversed-
phase analyses, the gradient will often start at high aqueous (99–
100% water), and ramp up to high organic content (95–100%; 
acetonitrile/methanol). The gradient we recommend here has a 
hold step from 0 to 1 min at 99% aqueous mobile phase (water) 
to allow the salts to be washed from the column. The advantage 
of going to such high proportions of organic modifier during the 
analytical run is that unwanted contaminants are eluted from the 
column, preventing deterioration in performance through the run. 
After the wash period, the mobile phase composition then reverts 
to starting conditions, where it is held for an appropriate period 
(approximately five column volumes) to ensure column re-equi-
libration before the next sample is injected. With 10–12 min runs 
and a 2–3 min re-equilibration period, ca. 100 samples can be run 
per day, but by using shorter (2–5 min) analysis times throughput 
can be increased to many hundreds of samples in a 24 h period.

Choice of ionization and mass analyzer
For urine, ESI is typically employed for metabolite analysis as it is 
well suited to the polar/ionic nature of the analytes. Ions are gener-
ated directly from the liquid phase into the gas phase, establishing 

this technique as a convenient mass analysis platform for both liquid 
chromatography and automated sample analysis. This relatively ‘soft’ 
ionization technique results in minimal fragmentation and thereby 
enables the detection of a wide range of molecules with excellent 
quantitative analysis and good (though analyte-dependent) sensitiv-
ity. Multiply charged ions can be generated, thus enabling the analysis 
of both small and large molecules. Metabolites containing only C, 
H and O may be expected to be detected by LC–MS in negative ion 
mode, whereas metabolites, which in addition contain N, would be 
expected to be preferentially ionized in positive-ion mode. Therefore, 
to enhance metabolome coverage, ionization should be carried out in 
both positive and negative mode, enabling the detection of two sets 
of analytes which may differ significantly40,41. Depending on the mass 
analyzer, detection in positive and negative mode can be carried out 
simultaneously in a single run42, reducing both analysis time and injec-
tion variability. However, in some cases this can reduce sensitivity due 
to loss of data during polarity switching.

Mass spectrometry can be carried out using mass analyzers with a 
range of mass resolution, from low (1,000) to very high ( > 100,000) 
as discussed below. Low mass-resolution MS include single and 
triple quadrupoles and quadrupole ion-traps, which are capable 
of measuring metabolite masses with unit resolution. Triple quad-
rupole instruments can be used to carry out tandem mass analysis 
(MS/MS). Here, each quadrupole has a separate function; the first 
quadrupole (Q1) scans across a preset m/z range for selection of 
one or more ions of interest, with fragmentation in the second 
quadrupole (Q2, or collision cell) using a collision gas (argon or 
helium). Q2 is typically an octapole in modern triple quadrupole 
instruments. Fragment ions generated in Q2 can either be analyzed 
in the third quadrupole (Q3) or subjected to further selection, in a 
subsequent selected reaction monitoring (SRM) experiment. This 
SRM capability of triple quadrupole instruments provides a highly 
sensitive approach for quantifying known metabolites and is best 
applied to targeted metabolic profiling experiments. Quadrupole 
ion-traps can be used for both MS scanning and MS/MS studies. A 
notable feature of the quadrupole ion-trap is the ability to carry out 
MSn experiments, where multiple collision-induced dissociation 
experiments can be carried out serially. However, a particular dis-
advantage to quadrupole ion-traps is the upper limit on the ratio 
between precursor m/z and the lowest trapped fragment ion, which 
is ~0.3 (the ‘one-third rule’) and is a disadvantage for small mol-
ecule analysis43. In general, low-mass resolution mass analyzers are 
not desirable for global, untargeted metabolic profiling studies, 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Rat urine sample
ESI +

ESI –

Time
6.5 7.0

Figure 2 | A BPI UPLC–MS chromatogram of a urine sample run in positive 
ESI mode (top) and negative ESI mode (below). Positive and negative ESI 
modes can offer complementary information regarding the metabolite profile.
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as they lack sufficient resolution to resolve coeluting metabolites 
having the same nominal mass.

High-mass resolution is a definite advantage when measuring com-
plex biofluid samples such as urine, both in terms of the detection of 
distinct species and in structural elucidation of unknown compounds. 
Time-of-flight (ToF) instruments and Q-ToFs have virtually unlimited 
mass ranges and offer fast scanning capabilities and mass accuracies 
on the order of 5 p.p.m. Owing to their fast scanning speeds, ToFs and 
Q-ToFs are widely used in GC- UPLC- and MALDI-based metabolic 
profiling studies. Further, Q-ToF mass analyzers are highly suited for 
obtaining metabolite fragmentation data. Accurate mass measurements 
can be carried out on both precursor and product ions simultaneously 
(MSE), thereby providing further structural information and aiding 
metabolite identification44–46. MS/MS experiments can also be used 
to probe the metabolome for specific compound classes by screening 
for characteristic ions and neutral losses. Fourier transform (FT) MS 
offers the highest mass resolution and mass measurement accuracy 
(sub-p.p.m.) of all analyzers, as well as very high sensitivity (attomole)  
and advanced structural and thermodynamic elucidation of mol-
ecules, with the ability to perform high mass-measurement accuracy 
MSn experiments, often at p.p.m. level. The ‘Orbitrap’ MS47 is an elec-
trostatic ion-trap using fast FT (FFT). It provides high mass accuracy 
(1–2 p.p.m.) and resolution (up to 100,000), as well as a dynamic range 
of 5,000, and is usually operated together with a linear ion-trap as a 
hybrid instrument.

MS data
For a UPLC–MS-based metabolic profiling study, data will usually be 
collected in both positive and negative ESI modes, often using a mass 
range of 50–1,000 m/z. Typically, the sample is run separately in each 
mode, producing two data files for each sample for each run, although 
some instruments permit rapid polarity switching. Data can be dis-
played as a total ion chromatogram (TIC), which is the total ion signal 
versus time (or scan number). Alternatively, 
the base peak chromatogram (BPI) can be dis-
played, which is similar to the TIC but moni-
tors a small window around only the most 
intense peak at any one time, thus representing 
the intensity of the most intense peak at every 
moment in the analysis. BPIs are often cleaner 
in appearance than TICs because many of the 
smaller peaks that sum together in a TIC to 
produce a large background are ignored. 
Typical UPLC–MS BPI chromatograms 
of urine are shown in Figure 2 for positive 
(upper) and negative (lower) ESI, respectively. 
UPLC coupled with MSE technology can pro-
vide both parent and fragment mass informa-
tion of metabolites in one chromatographic 
run, illustrated here with a urine sample  
(Fig. 3) for p-cresol sulfate with m/z 187.

Experimental design
Key factors to consider when designing UPLC–MS metabolite pro-
filing experiments include (1) sample collection and storage; (2) 
column conditioning; (3) the composition of test mixtures used; 
(4) the type and number of quality control samples and any ‘blank’ 
samples; (5) run order, i.e., how to carry out sample randomization; 
(6) the number and type of replicates to be analyzed; (7) the total 
run length; and (8) total number of samples and batch size.

Sample collection and storage. Urine is a convenient, minimally 
invasive biofluid for ‘global’ metabolite profiling. However, for useful 
data to be obtained it must be carefully collected and stored17,21–22. In 
the case of humans, both timed and 24 h collections can be obtained. 
With timed (or ‘spot’) collections, a mid-stream sample should be 
collected into a suitable container, sub-aliquoted into the sample 
containers to be used for storage, and frozen immediately with sub-
sequent storage at the lowest available temperature (usually  − 20 °C 
or lower) to avoid metabolite decay and thus changes in metabolic 
profiles. This practice of sub-aliquoting the samples before storage 
will minimize subsequent freeze–thaw cycles. In the case of 24 h 
collections, it would seem to be good practice to store the sample in 
the refrigerator (4 °C) between collections. Few studies have been 
carried out to determine the best conditions for sample storage 
and those that have been carried out show little difference in meta-
bolic profiles between human urine samples stored at either  − 20 or  
 − 80 °C when analyzed by LC–MS17. However, pragmatically, the 
lowest available temperature should be used for sample storage and, 
despite a lack of evidence for large effects on metabolic profiles17, 
the number of freeze–thaw cycles should be minimized.

As urine provides an excellent bacterial growth medium it may 
also be advisable to add an antibacterial agent such as sodium azide 
(0.05–0.1% wt/vol) to the sample to prevent, or inhibit, the microbial 
degradation of the sample. For animal samples, similar considerations 
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Figure 3 | MSE data from a urine sample.  
(a) The top chromatogram shows the low energy 
data from a human urine sample, whereas the 
lower chromatogram shows the high energy data. 
(b) The corresponding low and high-energy mass 
spectra data are shown for p-cresol sulphate 
(m/z 187), with characteristic fragmentation 
information revealed through MSE.
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apply, and in the case of the collection of, e.g., 24 h rodent samples 
from animals housed in ‘metabolism cages’, specifically designed for 
such purposes, collection over ice (preferably dry ice) into sodium 
azide-containing collection vessels is preferred16.

The containers used for both collection and storage (if different) 
should be carefully screened by MS (using the analytical method that 
will be used for the sample set) to ensure that they do not provide a 
source of unwanted contaminants (such as polyethylene glycol or plas-
ticizers and so on). These contaminants can coelute with metabolites 
of interest, thus causing differential ion suppression, but they can also 
compromise the integrity of the obtained spectra of peaks of interest.

Column conditioning. Repeatable results are clearly key in 
order to obtain useful metabolic profile data. In considering any 
LC–MS analysis, there are three features of the analytical system 
that are required to be stable to achieve this; namely, retention 
time (RT), signal intensity and mass accuracy. A common obser-
vation when carrying out LC and UPLC–MS for global metabolic 
analysis has been that the first few injections of sample provide 
unrepresentative results, mainly because of small changes in both 
the chromatographic RT and signal intensity48,49. Usually after 5–
10 injections of the matrix (in this case, urine), RTs stabilize as the 
column becomes ‘conditioned’ and the system then shows little 
variability through the remainder of the run. It is therefore good 
practice to run at least five pooled ‘quality control’ (QC) samples 
(see below) at the beginning of the run and use the data derived 
from these samples to demonstrate, postrun, system suitability. 
There are also good arguments to run suitable test mixtures prior 
to the run (see below), and also at the end of it (e.g., refs. 48,49), 
as these will give a rapid indication of (a) system suitability and 
(b) system stability, thereby providing an early alert to problems 
resulting from system contamination or instrument failure such 
as a decline in sensitivity, RT shifts or changes in mass accuracy. 
At the end of each run the column should be washed thoroughly 
with a strongly eluotropic solvent, e.g., methanol or acetonitrile, 
and the MS inlet and source meticulously cleaned before the next 
run to prevent the build up of contaminants and ensure continu-
ing good performance. The run length permitted before cleaning 
will depend on the nature of the samples being analyzed, as this 
will have an effect on the contamination of the source.

Run order. When experimental samples are run in a time sequence, 
responses can depend on the run order as the source of the MS can 
become contaminated, leading to gradual changes in instrument sen-
sitivity over time. Providing that these changes are not major, the sub-
sequent data treatment will not be too adversely affected provided that 
careful randomization of the samples has been carried out to ensure 
that all of the experimental groups are affected to the same extent. 
This means that any subsequent statistical analysis of the data remains 
unbiased, thereby helping to ensure validity of the experiment. Ideally, 
the sample run order should be orthogonal to the samples to eliminate 
bias. One way to randomize the samples is to use a randomized block 
design, constructed to reduce noise or variance in the data. The samples 
are divided into relatively homogeneous subgroups or blocks and the 
desired experimental design is implemented within each of these blocks 
or subgroups50. The variability within each block should be less than 
the variability of the entire sample set and thus each estimate of the 
treatment effect within a block is more efficient than estimates across 
the entire sample.

Replicates. Replicate measurements can be included to enable 
good statistics at the end of the experiment to be demonstrated. 
Both technical (repeat injections of the same sample) and biological 
replicates (different samples measured under the same conditions) 
can be included. Technical replicates are useful for determining 
whether an outlier sample is actually biologically different or just 
part of the usual system variability. However, for a robust method, 
the QC samples (see below) should behave in exactly the same way 
as the test samples and, providing that the analytical data for these 
are satisfactory, the need for technical replicates is reduced.

Test mixtures and QC samples.  A major challenge with LC–MS-
based methods is, as indicated above, the potential for the characteristics 
of the analytical system to change with time during the analysis and it is 
incumbent on the investigator to put in place systems that enable data 
quality to be assessed. A variety of approaches have been advocated 
for ensuring that the results obtained from global metabolic profiles 
studies are valid, including the use of internal standards, test mixtures 
and QC samples48,49,51–53. Test mixtures, comprising a limited number 
of components and prepared from commercially available standards 
provide a rapid means of assessing gross performance characteristics 
(RT stability, peak shape, detector response and mass accuracy). These 
test mixture components can also be spiked into samples of the matrix 
of interest to avoid injections onto the column of a solution, which may 
‘wash’ the column and thus remove the effects of the QC equilibration. 
A typical QC sample, for a small sample set, would be a pooled urine 
sample, prepared by mixing aliquots of the samples to be analyzed and 
therefore broadly representative of the whole sample set41,48,49. For larger, 
epidemiological or large multicenter clinical studies where thousands 
of samples collected over many months are involved, the approach of 
using a pooled sample made from the test samples themselves is clearly 
impractical. For these longer-term investigations, a bulk QC sample 
can be prepared from a representative subset of subjects, subaliquoted 
to minimize freeze-thaw cycle effects and stored frozen (at the low-
est available temperature) until required. The QCs are then injected 
at regular intervals (i.e., every ten samples) throughout the analytical 
run to provide a set of data from which repeatability can be assessed as 
described in Figure 4.

A typical run would be constructed as follows:

Test mix

↓

Conditioning QCs (5 − 10)

↓

QC

↓

Test samples (10)

↓

QC

↓

[Repeat × X]

↓

Test mix
For details regarding how to assess data quality see the 

ANTICIPATED RESULTS section.
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Data mining. Chromatography–MS plat
forms can produce vast volumes of data 
for every study. Typically, raw data files 
range from 100 MB for each sample. LC–
MS datasets are complex and thus require 
extensive preprocessing before statistical 
analysis. Peaks/metabolites need to be 
detected in the samples, matched or aligned 
across samples and then compared between 
samples. Peak alignment is a crucial step. 
Metabolite profiling studies may include 
many samples. Over the course of a run, 
peaks may shift because of factors such as 
changes in temperature (hence the need for 
temperature control of the column), mobile 
phase composition (it has been reported 
that peak shifts can be more pronounced as 
the proportion of organic solvent increases 
in the mobile phase) and sample pH in 
addition to column contamination48,49,54.

Software for data preprocessing. Nowadays, 
data preprocessing software comes with the 
instrument software. These packages will 
incorporate the main aspects of preprocess-
ing detailed above, as well as multivariate 
statistical capabilities in some cases. There 
are also several freeware packages avail-
able that are instrument independent and 
may be useful when comparing data from 
several platforms. These include XCMS55, 
MZMine56, MSFACTS57, MATHDAMP58 
and MET-IDEA59. Some of these packages 
may be modified by the user, giving even 
greater flexibility in data analysis. The ulti-
mate output can be termed either a ‘metab-
olite’ or ‘marker’ or ‘feature’ table. This 
can then be exported into software such as 
SIMCA or MATLAB for multivariate ana
lysis such as principal components analysis 
(PCA) and partial least squares–discrimi-
nation analysis (PLS-DA). Important vari-
able lists/loadings plots can give potential 
biomarkers, usually as m/z_RT pairs (Fig. 5).  
The time needed for data preprocessing 
depends on the size of the sample set being 
analyzed (both the number of samples and 
the size of the data files), the computational 
power and the software employed. Key issues when processing 
mass spectrometry data such as those obtained using this protocol 
include peak detection, alignment and normalization. An in-depth 
review of these data analysis challenges is beyond the scope of this 
protocol, but good reviews can be found in references 60,61.

Biomarker characterization using UPLC–MS. Once particular 
ions have been highlighted as being potential biomarkers, 
they must then be structurally characterized and identified 
so that they can be put into biological context (Fig. 6).  
The identification of biomarkers can be a significant challenge in 

MS-based metabolic profiling. The application of MS/MS can be 
used to provide structural information based on fragmentation, 
and accurate mass measurements can be used to generate probable 
empirical formulae. If carried out on a Q-ToF, high mass-accuracy 
measurements can be obtained for both parent and daughter ions, 
whereas the use of ‘Orbitrap’ or Fourier transform ion cyclotron 
resonance (FT-ICR) mass spectrometers47,62–64 can provide even 
higher levels of mass accuracy. The application of MSE, in which 
fragmentation information is obtained in the same run as scan 
data, requires less analysis time and smaller sample sizes. Such 
data can greatly reduce the metabolic ‘search space’ for unknowns, 

Metabolomics data evaluation workflow
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Figure 4 |   Flow chart of the validation guidelines followed.
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but are not guaranteed to provide unequivocal structure 
identification. For confirmation of identity, a comparison of RT 
and MS/MS fragmentation patterns with an authentic standard 
remains the ‘gold standard’. The recently developed approach of 
Statistical HeterospectroscopY (SHY)65 can combine efficiently 
(UPLC)–MS and NMR data (collected in series or parallel) to 
improve the discovery of robust markers46,65. Through SHY, 
both structural information and biological information can 
be obtained regarding metabolic pathway activities, as well as 
information on connectivities between pathways.

Databases for metabolite identification. Once potential biomar-
ker candidates have been determined from the data analysis, they 
need to be identified. Researchers can consult online databases such 
as Chemspider, HMDB66,67, METLIN68 and MZedDB69 as well as 
the KEGG database.

LC–NMR–MS for structural elucidation. Where a potential 
biomarker cannot be simply identified on the basis of the MS 
data acquired during the initial sample profiling, recourse to 
more detailed studies must be made. A typical structure elu-
cidation protocol in clinical, biological and natural product 
research involves MS rapid screening and preliminary struc-
ture investigation, followed by supplementary NMR structure 
determination. If the target metabolite can be isolated by simple 
methods such as solid phase extraction (SPE)/chromatography 
(SPEC)70,71, or ‘preparative’ HPLC, then NMR spectroscopy can 

further structural information that may enable identification. 
Generally, even if target compound isolation is not carried out, 
samples will need to be concentrated before performing the 
appropriate NMR spectroscopic analyses to compensate for the 
relative insensitivity of the technique. Alternatively, LC–NMR 
(or LC–SPE–NMR) may be employed to circumvent the need 
for previous isolation72–75. However, data correlation based on 
independent LC–MS and LC–NMR results from the same sam-
ple is sometimes difficult because of almost inevitable minor 
differences in the chromatographic separation obtained by the 
two systems. An obvious solution is the combination of MS 
and NMR into one integrated LC system as online-coupled 
LC–(SPE)–NMR–MS. This combination has been shown to be a 
powerful tool for the detection and identification of both known 
and, importantly, unknown compounds in complex samples, 
including urine76–79.

Biomarker validation. The protocol described above is designed 
to enable the discovery and identification of potential biomarkers 
in urine. However, as with any method developed to study a very 
wide range of analytes, it cannot be expected to be optimized for 
any of them. Once compounds have been identified as potential 
biomarkers, then further investigations should be undertaken 
to develop fully validated analytical procedures to confirm 
that these analytes do indeed accurately reflect differences 
between control and test populations, including appropriate  
quantitative methods.

The following protocol details the metabolite profiling of 
urine samples by UPLC–MS. This protocol covers specific 
aspects of sample collection, storage and preparation. Details 
are provided on sample analysis, but reference to manufacturer’s 
guidelines for instrument setup and operation are recommended 
at all times.
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3

Figure 5 | A two-dimensional PCA scores plot (PC1 versus PC2) of human 
urine samples (blue) and QCs (red) obtained by UPLC–MS in positive 
ESI. The first three conditioning injections of the QC are numbered. 
The quality of the QC data can then also be estimated by looking at 
their variability with respect to run order as shown in Figure 6, which 
displays the first component t[1] as a plot versus the samples in run 
order, thereby showing t[1] as it evolves in time (with the 2 and 3 σ 
limits also shown). This clearly shows the essential stability of the QC 
samples through the whole of the run (29 h). This type of result also 
provides some assurance that there are no major run-order-related 
changes occurring as the analysis proceeds (reproduced with permission 
from ref. 49).
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Figure 6 | PCA time series plot showing the first PC component  
(t[1] versus samples in run order). QCs are colored as red squares and  
test samples are colored in blue. X axis numbers represent sample  
number: 130 injections. Y axis is arbitrary (3 s.d.) (reproduced with 
permission from ref. 49).
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MATERIALS
REAGENTS

Water (Sigma-Aldrich; LC–MS CHROMASOLV, FLUKA,  
cat. no. 39253-1L)
Acetonitrile (Sigma-Aldrich) ! CAUTION Acetonitrile is highly flammable.
Methanol (Sigma-Aldrich) ! CAUTION Methanol is highly flammable.
Formic acid (Sigma-Aldrich; Fluka, cat. no. 94318-50ML-F) ! CAUTION 
Formic acid is corrosive and volatile.
Isopropanol (Sigma-Aldrich) ! CAUTION Isopropanol is highly flammable.
Leucine enkephalin acetate salt hydrate (Sigma-Aldrich, cat. no. L9133-
25MG) (or alternative lock mass compound)
Sodium formate (or alternative calibration solution)
UPLC mobile phases (see REAGENT SETUP)
Argon for applying gas to mass spectrometer collision cell
Sodium azide ! CAUTION Sodium azide is highly toxic and is a heat-sensitive 
explosive in the solid state.

EQUIPMENT
Acquity UPLC system (Waters) or similar (e.g., Agilent)
Q-ToF mass spectrometer (Micromass) equipped with an ESI source and 
lockspray or similar (Agilent)
Peek tubing
Analytical columns (e.g., Acquity C18, HSS, HILIC or similar)
Precolumn filters (Waters)
Sep-Pak SPE C18 cartridges (Waters) or similar
96-well plates (350 µl volume) (Waters)
Sealing cap mats (VWR)
Maximum recovery vials with caps (Waters) or similar
1.5 and 2 ml Eppendorf tubes
Solvent evaporator
Ultrasonic bath
Storage tubes
Plastic bags
Glass bottles
Pipettes and pipette tips
Software: Masslynx data management software 4.0 (Waters) or similar

Microsoft Excel
SIMCA-P or MATLAB software
R and associated software packages

REAGENT SETUP
Urine samples  Collect urine (either timed or 24 h collection) into suitable 
container and then subaliquot into labeled tubes/containers and store at the 
lowest available temperature (minimum  − 20 °C) until prepared for analysis 
as in Sample preparation section.
Preservatives  For human and animal urine samples, add sodium azide to 
the sample after collection (to result in a total concentration of azide of  

•

•
•
•

•
•

•
•
•
•

•
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

min 0.05% wt/vol). For 24-h rodent samples from animals housed in metab
olism cages, collect over ice/dry ice into vessels containing sodium azide.

Note: Timed collections: a midstream sample should be collected.  
24 h collections: store the sample in the fridge between collections.
UPLC–MS mobile phases  Prepare mobile phase A: 100% high-grade water 
with 0.1% formic acid and mobile phase B: 100% acetonitrile with 0.1% 
formic acid or 100% methanol with 0.1% formic acid. Prepare sufficient 
solutions to enable analysis of whole sample set. ! CAUTION All solutions 
should be prepared in a fume hood.
Leucine enkephalin lock mass solution  Prepare a solution of leucine 
enkephalin in water:acetonitrile 50:50 to obtain a final concentration of  
200 pg µl − 1 or according to the manufacturer’s specifications. Dilute appro-
priately for positive mode and negative ionization modes, as a more concen-
trated solution will be needed for negative mode. Prepare sufficient solutions 
to enable analysis of whole sample set. Store solution at 4 °C until use.
Sodium formate calibration solution  To carry out instrument calibration, 
prepare a 0.1 mg ml − 1 stock solution in water. Add 1 ml of stock solution to 9 ml 
isopropanol to give 0.01 mg ml − 1 solution in 90% isopropanol and 10% water. 
Store at 4 °C. Or use alternative calibration solution at appropriate concentration.

Note: Alternative compounds can be used for the lock mass and/or calibra-
tion solution. Please follow the manufacturer’s guidelines for concentration 
and storage conditions.
EQUIPMENT SETUP
UPLC–MS instrument setup  Mass accuracy work on a ToF or Q-ToF MS 
requires calibration to be carried out before the instrument is used. Therefore, 
at the beginning of each sample set (or at alternative specified times), the instru-
ment should be calibrated according to manufacturer guidelines. On the Q-Tof 
Premier and LCT Premier, a set-up wizard is used, but this procedure can also 
be performed manually. See UPLC-MS Data Acquisition. Perform additional 
instrument system checks if required, according to manufacturer guidelines.

Note: Prepare the mobile phases as in REAGENT SETUP. Prime system 
pump and tubing.

General maintenance of the system  Cleaning: The source of MS can 
become contaminated during sample analysis, leading to changes in instru-
ment sensitivity over time. Cleaning should be carried out according to 
manufacturer guidelines. The user may decide to clean the instrument at 
specific time points, i.e., after a well-plate or appropriate sample batch (we 
would recommend that the instrument was cleaned at the end of each batch).

 Note: The cleaning regimen may be matrix dependent. The researcher 
should be aware that more concentrated urine samples may cause the source 
to become dirtier more quickly and so the cleaning regimen may need to be 
more stringent and/or frequent (see ? TROUBLESHOOTING).

Calibration: See manufacturer’s guidelines.

PROCEDURE
Urine sample preparation ● TIMING 1–2 h
1| Prepare urine samples using option A or B as in the guidelines described below. Quantities apply to the above-described 
UPLC–MS conditions. Adjust the quantities accordingly, depending on different vendor requirements.
! CAUTION Take appropriate precautions when handling samples from diseased individuals.
(A) Centrifugation and dilution
	 (i) Centrifuge 60 µl urine at 10,000g for 10 min to remove particulates (4 °C).
	 (ii) Remove 50 µl and add to 100 µl water. Mix well.
	 (iii) Prepare samples into either 96-well plates or glass LC vials.
	 (iv) �Proceed to Step 2, UPLC–MS data acquisition and preprocessing. 

 PAUSE POINT Prepared sample can be stored at  − 20 °C or below.
(B) SPE
	 (i) Centrifuge urine sample at 10,000g for 10 min to remove particulates (4 °C).
	 (ii) �Condition and equilibrate sorbent according to the manufacturer’s instructions (e.g., condition with 500 µl of MeOH 

and equilibrate with 500 µl of water).
	 (iii) Acidify sample if necessary (following the manufacturer’s instructions).
	 (iv) Load sample onto sorbent (following the manufacturer’s instructions).
	 (v) Wash according to manufacturer’s instructions (e.g., 2% HCOOH or 5% NH4OH in water).
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	 (vi) �Elute according to the manufacturer’s instructions (e.g., MeOH followed by 2% HCOOH in MeOH or 5% NH4OH in MeOH).
	 (vii) Evaporate both elution samples to dryness.
	(viii) Reconstitute sample in water.
	 (ix) �Prepare samples into either 96-well plates or glass LC vials. Proceed to Step 2 of UPLC–MS data acquisition and preprocessing.

Considerations for sample handling
Collection of urine—time points per 24 h collection
Type of collection and storage containers
Possible sources of contamination
Preservative used, e.g., sodium azide
Filtration step
Freeze–thaw cycles
Temperature of sample storage and autosampler temperature
Length of storage time and time in autosampler

 PAUSE POINT Prepared sample can be stored at  − 20 °C or below.

UPLC–MS data acquisition and preprocessing ● TIMING 12 min
2| Centrifuge 96-well plate or vials at 10,000g for 5 min (4 °C).

3| Load 96-well plate or vials into autosampler maintained at 4 °C.

4| Select ESI ionization mode (positive or negative).

5| Carry out instrument setup i.e., (A) accurate mass and (B) calibration.
(A) Accurate mass
	 (i) �Infuse appropriate concentration of leucine enkephalin (or alternative lockmass solution) into instrument. Follow  

set-up procedures.
(B) Calibration
	 (i) �Infuse sodium formate solution (or alternative calibration solution) into the instrument. Follow setup procedures. As 

a general rule, the residual (in mDa) on each individual calibration point should be  < 1.5 mDa. Ideally, the majority 
of calibration points will have residuals of  < 0.5 mDa. A measure of the ‘fit’ of the calibration line to the experimental 
data is given in the error of the residual. 
 CRITICAL STEP Ion counts must be below 200 counts per second in continuum mode for both options (A) and (B) 
to ensure proper accurate mass and calibration calculations to be performed. Adjust capillary voltage and cone voltage 
until criteria are filled. Note: With a setup wizard, this may be done automatically.

6| Select suitable gradient for sample, e.g., urine UPLC–MS 12 min run. See Boxes 1 and 2.
? TROUBLESHOOTING

7| Select suitable MS experimental parameters. See Box 3.
? TROUBLESHOOTING

8| Acquire data. Experimental parameters for reverse phase UPLC are given in Box 1; for HILIC in Box 2; and for mass spectrometry in Box 3.
? TROUBLESHOOTING

UPLC–MS data processing
Data preprocessing and peak alignment ● TIMING ~2 h for a 96-well plate
9| Use appropriate software to extract and align all mass signals above a defined threshold. A signal-to-noise threshold of 3 
is typically used in analytical chemistry. Often there are regions of the chromatogram that do not contain useful data, such 
as the solvent front at the very start and also the last portion of the chromatogram (where the column is re-equilibrating). 
Most software will enable the user to choose the region of the chromatogram to process. For example, Markerlynx software 
within the Masslynx data management software will output the results as a markers table. This contains m/z, RT and  
intensity information for all detected features. There is also the capability to carry out multivariate analysis, such as PCA. 
The outputted data from most software can be transferred into MS Excel for basic statistical analysis or SIMCA-P/MATLAB for 
multivariate statistical analysis.
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 Box 1 | REVERSED PHASE ULTRA-PERFORMANCE LIQUID CHROMATOGRAPHY 
(UPLC)–MASS SPECTROMETRY (MS) GRADIENT (12 min run) 
Column: 2.1 × 100 mm (1.7 µm) HSS T3 Acquity (Waters)
Injection volume: 5 µl
Flow rate: 0.5 ml min − 1

Sample temperature, 4 °C; column temperature, 40 °C
Mobile phases:
  A: 0.1% formic acid in water
  B: 0.1% formic acid in acetonitrile 

Time (min) A (%) B (%)

0 99 1

1 99 1

3 85 15

6 50 50

9 5 95

10 5 95

10.1 99 1

 Box 2 | HILIC ULTRA-PERFORMANCE LIQUID CHROMATOGRAPHY (UPLC)–MASS  
SPECTROMETRY (MS) GRADIENT (12 min run) 
Column: 2.1 × 100 mm (1.7 µm) BEH HILIC Acquity (Waters)
Injection volume: 5 µl
Flow rate: 0.4 ml min − 1

Sample temperature, 4 °C; column temperature, 40 °C
Mobile phases:
  A: 95% acetonitrile, 5% ammonium acetate (10 mM final concentration)
  B: 50% acetonitrile, 50% ammonium acetate (10 mM final concentration)

Time (min) A (%) B (%)

0.0 99 1

1.0 99 1

12.0 0 100

12.1 99 1

15 99 1

 Box 3 | MASS SPECTROMETRY (MS) SETUP 
Perform system set-up and calibration as described. The procedures may vary depending on instrument type.
Set parameters including:
  Capillary voltage, e.g., 3.2 kV electrospray ionization (ESI) + , 2.4 kV ESI − 
  Source temperature, e.g., 120 °C
  Desolvation temperature, e.g., 350 °C
  Cone gas flow, e.g., 25 liter h − 1

  Desolvation gas flow, e.g., 900 liter h − 1

Note: These parameters are guidelines only, based on an ultra-performance liquid chromatography (UPLC) flow rate of 500 µl min − 1.
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● TIMING
Step 1, Urine sample preparation: 1–2 h
Steps 2–8, UPLC–MS data acquisition and preprocessing: 12 min
Step 9, UPLC–MS data processing: ~2 h for a 96-well plate

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.

TABLE 1 | Troubleshooting table



.

Step Problem Possible reason Solution

Chromatography 
6,8

High back
pressure

Blockage in capillary transfer line/injection 
loop/column frit, due to  
particulate matter from sample

Remove the probe from source and flush (neat  
formic acid may aid in clearing the blockage)  
Clean or replace column/loop

Poor peak shape Column degradation 
Overloading of sample

Clean or replace column 
Dilute sample/improve sample preparation

No/few peaks Failed injection/needle blockage 
Sample concentration too low

Flush needle 
Reinject sample 
Reprepare/concentrate sample

Drop in baseline Ion suppression, perhaps due to high  
salt levels in sample

Improve sample preparation (e.g., perform solid 
phase extraction (SPE)) 
Optimize chromatographic gradient to minimize 
coelution of peaks if possible

Carry-over Appropriate wash solvents not selected  
Chromatography not optimized

Choose suitable wash solvents  
Optimize chromatographic gradient

Loss of sensitivity Matrix suppression 
Poor recovery

Improve sample preparation (e.g., perform SPE)

Mass  
spectrometry  
7,8

Unsteady beam Capillary/sample cone voltages not optimal 
Capillary is protruding too far from end  
of probe 
Probe is too far into source 
Liquid chromatography (LC) solvent flow  
is not correct/steady 
Solvents have been adequately degassed 
Desolvation/nebulizer gas flow is not steady 
Desolvation temperature is not set  
correctly for liquid flow rate used

Tune sample cone and capillary 
Change length of capillary protruding from probe 
Move probe away from source 
Degas solvent, reset and remeasure the flow rate 
Check and adjust nitrogen supply pressure  
Check manual for guidelines 
Check and adjust desolvation temperature 
Check manual for guidelines

Loss of sensitivity Ion source is dirty Clean the source according to manufacturer  
guidelines

High chemical or 
electronic noise 
levels

Signal threshold set too low Detector  
damaged and producing micro discharges

Reduce detector voltage
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ANTICIPATED RESULTS
Criteria for assessing data quality
Test mixture assessment. The data obtained from the test mixtures (RT, peak shape, signal intensity, mass accuracy and so 
on) can be used to rapidly determine if the instrumental setup is suitable for the analysis (through the first injection) and to 
determine if major changes have occurred during the analysis (through the last injection). If major changes have occurred, 
this would automatically invalidate the results obtained for the samples. However, even supposing that the test mixture data 
are found to be acceptable, these results do not validate those for the samples themselves that, because of their much greater 
complexity, may be more variable. What the test mixture data provide is an assurance that it is worth proceeding to evaluate the 
results from the QCs.

QC sample assessment. There are several steps in the analysis of the QC data, beginning with the simple multivariate 
approach of PCA. Ideally, if the analysis has been carried out well, the PCA should show that the first ‘conditioning’ injections 
of the QC sample ‘track’ towards the main group of QC samples as the analytical system equilibrates. After confirming that the 
system has been adequately stabilized, the data for these initial ‘blank’ injections of the QC samples are discarded and the 
data derived from the in-run QC samples can then be scrutinized in detail. Typical UPLC–MS data for human urine (positive 
ESI) are shown in Figure 5, where the first few ‘blank’ or conditioning QC injections are highlighted. The relatively tight 
clustering of the main group of QC samples suggests that the data are worth further study. It is worth mentioning that the 
number of QC samples required to condition the column is highly dependent on the matrix being analyzed, e.g., this number 
would be much higher for serum samples19. Where problems have occurred during the run, this results in the distribution of 
QC over a large area such that it is quite clear that no usable data can be derived from this analysis.

Armed with the information from the test mixture and PCA of the QC samples, a more detailed assessment of data quality 
can be carried out (Fig. 6), such as examination of RT stability for selected ions present in the QCs covering a range of RTs. 
Typically for UPLC, RT variation is usually negligible, with coefficient of variation (CV)% values  < 1%. Similar examination of 
peak height/areas for these ions should also show good repeatability (although for peak height/area there is always a de-
pendence on ion intensity with the more intense ions giving generally better repeatability). Mass accuracy should also show 
lower variability for these ions. At this point the analytical variability in the processed data from the whole QC dataset can 
be examined for the evidence of good overall repeatability with a view to then moving into the test set data for biomarker 
detection.

In terms of accepting individual ions as potential markers there is, as yet, no consensus as to what criteria should apply. 
However, for conventional bioanalysis, the Food and Drug Administration (FDA) recommends that a CV of 15% of the nominal 
value be applied (except for concentrations close to the limit of quantification, where 20% is considered to be adequate)52 
and for biomarkers an upper limit of 30% can be accepted48. We therefore recommend that potential marker ions be as-
sessed using this approach and that highly variable ions (CV of greater than 30%) should be rejected as unacceptable for 
the purpose of biomarker discovery. A suggested workflow for accepting LC–MS-generated metabolic profiling data as fit for 
in-depth, statistical analysis as part of biomarker discovery is shown in Figure 4. In our view, failure to pass any of these 
stages should trigger a reanalysis of the sample set.

Sample stability during analysis
In any metabolic profiling study containing more than a handful of samples, it is likely that the time from the first to the 
last analysis will be 24 h or longer, meaning that samples will be present in the autosampler (albeit at  < 4 °C) for some 
time before analysis. Clearly, sample degradation over this period would adversely affect the subsequent interpretation of 
the data. In addition, if for any reason the run should fail, a decision may need to be taken to either reanalyze the samples 
or prepare a new batch (which may be difficult in the case of limited samples). The short-term stability of prepared urine 
samples in an autosampler at 4 °C was investigated by the daily reanalysis of the aliquots of the urine QC sample over 6 d. 
This showed that the QCs appeared to be stable for up to 48 h, after which changes were noted suggesting that this was the 
maximum time that samples should be kept under such conditions17.
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