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a b s t r a c t

Quantitative analysis of metabolic mixtures by 1H 1D NMR offers a limited potential for precise quan-
tification of biomarkers, due to strong overlap between the peaks. Two-dimensional spectroscopy is a
powerful tool to unambiguously and simultaneously measure a larger number of metabolite contribu-
tions. However, it is still rarely used for quantification, first because quantitative analysis by 2D NMR
requires a calibration procedure due to the multi-impulsional nature of 2D NMR experiments, and above
eywords:
D NMR
uantitative analysis

NADEQUATE
recision

all because of the prohibitive experiment duration that is necessary to obtain such a calibration curve. In
this work, we develop and evaluate a 2D 1H INADEQUATE protocol for a fast determination of metabo-
lite concentrations in complex mixtures. The 2D pulse sequence is carefully optimized and evaluated
in terms of precision and linearity. Quantitative 1H INADEQUATE 2D spectra of metabolic mixtures are
obtained in 7 min with a repeatability better than 2% for metabolite concentrations as small as 100 �M

. The
it form
etabolites and an excellent linearity
metabolic mixtures, and

. Introduction

The role of nuclear magnetic resonance (NMR) spectroscopy as
quantitative tool [1] is well established in a variety of domains,

uch as pharmaceutical applications, natural product authentica-
ion or metabolome analysis. Recently, the application of NMR
pectroscopy in metabolomic and metabonomic studies has been
ncreasing significantly [2]. In the vast majority of studies reported
o far, its use for such purpose consists of a very standardized
D 1H NMR protocol associated with statistical analysis in order
o perform efficient fingerprinting [3]. However, in most cases,
his method does not allow a separate quantification of relevant
iomarkers, as required for a full metabonomic treatment. This is
ainly due to the very substantial overlap of resonances charac-

erizing 1D proton NMR spectra of complex metabolic mixtures.
13
uantitative C NMR [4] provides an interesting alternative, as

t leads to a better discrimination of resonances because of its
uch larger chemical shift range. However, its use in metabolomics

s generally limited to 13C-labeled metabolites [5] because of its
nherent low sensitivity. In order to circumvent these limitations,
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method described in this work allows a fast and precise quantification of
s a promising tool for metabonomic studies.

© 2010 Elsevier B.V. All rights reserved.

the use of bi-dimensional (2D) NMR [6] for quantitative analy-
sis was recently proposed [7–10], as it performs a very efficient
separation of signals originating from various compounds in a com-
plex mixture. However, quantitative 2D NMR is associated with
a number of drawbacks that restrain its use for quantitative pur-
poses [9]. First, 2D NMR pulse sequences are multi-impulsional.
Consequently a number of factors (J-couplings, relaxation times,
etc.) influence peak volumes [9]. Moreover, multi-impulsional NMR
experiments are very sensitive to pulse imperfections [11]. For
these reasons, a calibration curve is indispensable to perform
precise and accurate quantitative analysis by 2D NMR [7,10]. Unfor-
tunately, obtaining such a curve is made difficult by the long
experiment durations (up to several hours) of 2D NMR experiments,
due to the necessity of collecting an array of transients to sample
the indirect dimension.

Because of these various limitations, the use of 2D NMR for
studying complex metabolic mixtures has been generally limited
to metabolite identification [12], and only a few recent publications
have reported a quantitative analysis of metabolite mixtures by 2D
NMR [10,13–16]. A very recent study [17] suggested to bypass the
calibration procedure by measuring all the relaxation times and
J-couplings for a given sample in order to obtain, after mathemat-
ical correction, 2D peak volumes reflecting the exact metabolite

concentration. However, it appears to be a very long and tedious
procedure, which is probably difficult to generalize to a large num-
ber of metabolic samples. Therefore, the approach relying on a
calibration curve [7,10] seems more appropriate for robust and
precise quantitative analysis.

dx.doi.org/10.1016/j.jpba.2010.07.046
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:patrick.giraudeau@univ-nantes.fr
dx.doi.org/10.1016/j.jpba.2010.07.046
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Particularly interesting is the optimization of the 2D HSQC
equence for fast metabolite quantification developed by Lewis
t al. [10] and leading to an experimental duration of 12 min per
pectrum. However, in spite of its high potentialities, heteronu-
lear 2D NMR is limited by its inherent sensitivity due to the low
atural abundance of 13C. Therefore, homonuclear 2D NMR could

orm an interesting, complementary approach for fast quantitative
nalysis. A few studies have reported the use of homonuclear 2D
MR for quantification [7,18], including the quantitative analysis of
etabolic fluxes by combining 2D zTOCSY NMR with 13C-labeling

xperiments [18], proposed by Massou et al. However, all these
ethods are characterized by very long experiment times, and to

ur knowledge, no homonuclear 2D NMR method has been opti-
ized for fast quantitative analysis of complex metabolic mixtures.
The purpose of this work is to develop and evaluate a 2D

omonuclear NMR approach for a fast determination of metabo-
ite concentrations in complex mixtures. Here, after considering
ifferent homonuclear strategies, a 1H INADEQUATE [19,20] pulse
equence is carefully optimized and evaluated in terms of preci-
ion and linearity. The potentialities of this approach for analyzing
iological samples are discussed.

. Material and methods

.1. Sample preparation

A phosphate buffer solution (pH = 2, 0.1 M) in D2O was prepared.
low pH value was chosen on purpose, as it minimizes intermolec-
lar interactions between metabolites due to the protonation of
cid and amine functions. It has been shown that such interactions
ould alter the accuracy of quantitative NMR measurements [21].

reference sample containing six metabolites (proline, alanine,
actic acid, glutathione, taurine (Sigma–Aldrich), and myo-inositol
Prolabo)) was dissolved in 1 mL of this buffer solution to obtain a
ample with identical metabolite concentrations (50 mM) to opti-
ize two-dimensional NMR experiments. Six test mixtures of 1 mL
ere prepared to study linearity. In each mixture, alanine concen-

ration was kept constant at 50 mM to set the alanine signal as an
nternal reference. The five other metabolites were dissolved in the
uffer solution in order to obtain concentrations between 0.08 mM
nd 50 mM. After homogenization, each sample was filtered and
nalyzed in a 5 mm tube.

.2. Preparation of intracellular extracts

Cells from breast cancer MDA-MB-468 line were grown as
onolayer cultures (2.49 × 106 cells/75 cm2 flask in two identical

asks) in DMEM (Dulbecco’s Modified Eagle Medium) supple-
ented with 10% of heat-inactivated foetal bovine serum (FBS)

nd 1% of 10,000 units/mL penicillin–10,000 �g/mL streptomycin
t 37 ◦C in a humidified atmosphere of 5% CO2. All the cell cul-
ure media and chemicals were obtained from Invitrogen. The
ulture medium was removed from the culture flask (75 cm2),
nd then, cells were washed twice with phosphate-buffer saline
PBS, pH = 7.4). Afterwards, they were quenched using 2.7 mL HPLC-
rade methanol (VWR) and detached from the culture flask using a
ell lifter (VWR). The methanol solution containing quenched cells
as pipetted into a 15 mL centrifuge tube for extraction. A mix-

ure of methanol, chloroform and water (4:4:2.85, v/v/v) was used
o extract intracellular metabolites. The aqueous phase contained

ater soluble metabolites while non-polar metabolites stayed in

he organic phase. Between these two phases, proteins and other
iological macromolecules were trapped by precipitation because
f the addition of methanol and chloroform. After centrifugation
300 g, 5 min, 20 ◦C), the aqueous phase was used for analysis.
d Biomedical Analysis 54 (2011) 252–257 253

Solvents were removed using a rotary evaporator. Then, the sample
was dissolved in 1 mL of phosphate buffer solution (pH = 2, 0.1 M)
in D2O, homogenized, filtered and analyzed using a 5 mm tube.

2.3. NMR spectroscopy experiments

For the preliminary comparison between 2D pulse sequences,
all the NMR data were recorded at 298 K on a Bruker Avance 400
DPX spectrometer, at a frequency of 400.13 MHz with a 5 mm dual
probe equipped with z-axis gradients and PW90 = 9.5 �s. For all
the spectra, the residual water signal was suppressed by apply-
ing a continuous, low power RF field during recovery delays and
during the double-quantum evolution period for the INADEQUATE
pulse sequence. Free induction decays (FIDs) were recorded with
4788 data points and an acquisition time of 0.5 s. 2D spectra
were acquired with four dummy scans, 128 t1 increments and a
recovery delay of 5 s. For TOCSY, a Zero-Quantum-Filtered TOCSY
pulse sequence was used, as described in Ref. [18], including a
80 ms DIPSI-2 mixing period (8.5 kHz). Zero-quantum filters were
formed by adiabatic 180◦ smoothed chirp pulses (20 kHz band-
with) applied during 50 ms (before spin-lock) and 30 ms (after
spin-lock), simultaneously with 2.5 G/cm gradients along the z-
axis. The second filter was preceded by a 48.5 G/cm z-gradient
applied during 3 ms. For the DQF-COSY experiment, we relied on
the pulse sequence previously optimized for quantitative analy-
sis, with additional coherence-selection gradients along the z axis
(2 ms duration, 38.8 G/cm during the double-quantum evolution
and 77.6 G/cm just before detection). For 1H INADEQUATE, 2 ms
coherence-selection gradients were applied in order to select dou-
ble quantum coherences as indicated in Fig. 1(a), with 38.8 G/cm
and 77.6 G/cm gradient strengths. The double-quantum evolution
delay � was calculated from the average 1H–1H scalar coupling
constant (Jav): � = 1/(4Jav), with Jav = 7 Hz.

For the optimization of the 2D INADEQUATE pulse sequence
(Fig. 1(a)), the analytical evaluation and the application to
metabolic samples, 1H INADEQUATE NMR data were recorded at
298 K on a Bruker Avance III 500 DRX spectrometer, at a frequency
of 500.13 MHz, with a cryogenic probe including z-axis gradients
and PW90 = 10 �s. For all the spectra, the residual water signal was
suppressed by applying a continuous RF field during the recovery
delay and the double-quantum evolution delay. 2D 1H INADE-
QUATE spectra were acquired with 4 dummy scans and 1 transient,
64 t1 increments and with a recovery delay of 5.45 s. FIDs were
recorded with 6008 data points, an acquisition time of 0.5 s and a
spectral width of 6010 Hz.

2.4. Data processing

All the apodization functions were optimized to choose the one
leading to the best precision for a given method. For zTOCSY spec-
tra, an exponential apodization function of 0.3 Hz was applied in
each dimension before Fourier transform. For DQF-COSY spectra,
a �/24 shifted square sine-bell function and a �/8 shifted sine-
bell function were applied in F2 and F1 dimensions respectively.
For 1H INADEQUATE spectra, a Lorentzian–Gaussian apodiza-
tion (LB = −1 Hz, GB = 0.15) was applied in each dimension before
Fourier transform. zTOCSY spectra were phased in order to obtain
optimized quantitative conditions. DQF-COSY and INADEQUATE
spectra could not be phased due to the complex phase patterns
characterizing these experiments; therefore they were processed
in magnitude mode, even though such a procedure is not conven-

tional for DQF-COSY spectra, as the coherence-selection gradient
scheme should in principle lead to phased 2D spectra even in one
scan. For all the 2D spectra, data matrices were zero-filled to 16k
and to 512 points in F2 and F1 dimensions respectively. Auto-
matic polynomial baseline corrections (n = 3) were applied in each
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Fig. 1. (a) Pulse sequence for the acquisition of 2D 1H INADEQUATE spectra and (b)
corresponding 500 MHz proton INADEQUATE spectrum of a 50 mM model metabolic
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2D peak volumes. Similar curves were obtained for the other 2D
peak ratios. The graph shows the superiority of INADEQUATE versus
the two other pulse sequences in terms of repeatability. The reasons
explaining this relative superiority might be complex to determine,
ixture. Spectrum acquired in 7 min with this pulse sequence, at 298 K on a 500 MHz
pectrometer equipped with a cryogenic probe, with 1 transient and 64 t1 incre-
ents. Peaks chosen for integration are indicated for each metabolite. Ala: alanine;
SH: glutathione; Ino: myo-inositol; Lac: lactic acid; Pro: proline; Tau: taurine.

imension. INADEQUATE spectra were first symmetrised to
acilitate peak identification, and then reprocessed without sym-

etrisation for quantification.
The integration of 2D peak volumes was performed using the

ntegration routine in Bruker Topspin 2.1. All the integration results
re the average of five experiments. Integration box widths were
dapted for each pulse sequence, as 2D peak widths slightly differ
rom one experiment to another.

.5. Statistical analysis

Repeatability was evaluated by calculating the relative stan-
ard deviation (RSD) on five successive experiments. Linearity was
valuated by plotting 2D peak volume ratios versus gravimet-
ic concentration ratios and by calculating the linear regression
arameters (slope and y-intercept) and the coefficient of determi-
ation r2.

. Results and discussion
.1. Choice of the pulse sequence and NMR optimization

In a first step, we compared several 1H homonuclear 2D pulse
equences in order to assess their analytical potentialities. Three
d Biomedical Analysis 54 (2011) 252–257

pulse sequences were chosen and compared in terms of preci-
sion. Zero-Quantum Filtered TOCSY was first considered, as it has
been reported in several studies as a quantitative tool for complex
mixtures [18]. DQF-COSY was also evaluated, as we have recently
highlighted its quantitative potentialities for fast quantitative anal-
ysis [7]. Finally, we also evaluated 1H 2D INADEQUATE, a method
that is well known for its capacity to establish 13C–13C connec-
tivities [22], but whose application to study 1H–1H correlations is
limited to a very small number of structural studies [19], proba-
bly because of the prevalence of COSY and DQF-COSY as structural
elucidation tools. The pulse sequence employed (Fig. 1(a)) was
described by Turner [20]. It consists in a modified INADEQUATE
pulse sequence, where the t1 evolution period is split by a 90◦ hard
pulse, giving rise to a 2D spectrum with symmetric frequency axis.
However, contrary to COSY or TOCSY spectra, the 1H–1H INADE-
QUATE spectrum contains additional, non-symmetric peaks that
disappear when a symmetrisation procedure is applied. These non-
symmetric peaks probably arise from strong coupling effects and
cannot be suppressed by coherence order selection, as their coher-
ence order is the same as for the desired peaks. Moreover, the
symmetrisation procedure could create small artificial cross-peaks.
As a consequence, it is important that the quantification proce-
dure is carried out on the non-symmetrised spectrum. Here, spectra
were first symmetrised to facilitate the visualisation and the identi-
fication of peaks arising from the target metabolites. Then, spectra
were reprocessed without symmetrisation for quantification. All
the signals that were used for quantification appeared at the same
position on both symmetrised and non-symmetrised spectra.

In order to compare the precision of the three precited pulse
sequences, each experiment was repeated five times successively
on the same model mixture containing 6 representative metabo-
lites, and for different experiment durations. Fig. 2 shows the
relative standard deviation (RSD) for the relative lactic acid/alanine
Fig. 2. Influence of the number of transients on the relative standard deviation
(lactic acid/alanine relative 2D peak volumes) for DQF-COSY, zTOCSY and 1H INADE-
QUATE recorded with 128 F1 data points, for a standard 50 mM metabolite mixture.
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ut we believe that it could be attributed to a cleaner diagonal in
he case of INADEQUATE. This can be observed in Fig. 3, showing
D spectra acquired in fast conditions, corresponding to the data
oints of Fig. 2 obtained for NS = 1. The INADEQUATE spectrum
Fig. 3(a)) obtained on the model metabolite mixture highlights the
leanliness of the diagonal, and shows more intense correlation
eaks versus diagonal peaks, contrary to zTOCSY and DQF-COSY
pectra (Fig. 3(b) and (c), respectively) It can be noticed, how-
ver, that INADEQUATE diagonal signals do not perfectly cancel
ut. This would require longer and/or more intense coherence-
election gradients, a choice that we decided to bypass in order
o avoid sensitivity losses due to molecular diffusion effects.

Another feature arising from Fig. 2 is a tendency towards cor-
elation between precision and experimental duration (a notable
xception is the value measured for zTOCSY and 8 scans). This
volution is particularly observable for DQF-COSY (for 8, 4 and 2
cans) where RSD values are higher. As already noticed in previ-
us studies [7,23], long experiments are more sensitive to spectro-
eter instabilities in the course of time, leading to a degradation

f precision. On the contrary, short experiments are less sensi-
ive to such instabilities and show a better repeatability, as long
s the signal-to-noise ratio (SNR) and the resolution are sufficient
o quantify relevant peaks with the target precision. When concen-
ration is sufficient, the acquisition can be reduced to one scan per
1 increment, but this is true only if coherence-selection gradients
fficiently replace phase cycling. This was apparently not the case
or DQF-COSY, where RSD notably increases for NS = 1.

With these results at hand, we optimized the INADEQUATE pulse
equence in order to quantify all the metabolites with an optimum
epeatability, in the shortest possible time. The total experiment
ime Texp can be expressed as Texp = TR·NS·N1 + TR·DS, where TR is
he pulse sequence duration (including the recovery delay), NS is
he number of transients, DS is the number of dummy scans and
1 is the number of increments in the indirect F1 dimension. We
arefully optimized these parameters to reduce Texp as much as
ossible.

In order to determine the optimum TR, we measured the lon-
itudinal relaxation times (T1) for the relevant 1H signals and for
arious metabolite concentrations. It was observed that T1’s do not
ary significantly within the concentration range explored (results
ot shown), therefore, it was chosen to work under partial satu-
ation conditions, and a recovery delay of 5.5 s (leading to TR = 6 s)
as found to be a good compromise, which was justified a posteriori
y the excellent linearity of our method (see below).
As for the number of transients, we completely suppressed the

4-step original phase cycle of the INADEQUATE pulse sequence
y incorporating suitably calibrated coherence-selection gradients

n the pulse sequence. As a consequence, NS was reduced to 1, as

ig. 3. Comparison between INADEQUATE (a), zTOCSY (b) and DQF-COSY (c) spectra of a
1 data points and NS = 1. Spectra correspond to the leftmost data points of Fig. 2.
d Biomedical Analysis 54 (2011) 252–257 255

the sensitivity of our method was sufficient to detect in one scan
all the target metabolites at a 0.1 mM concentration. It should be
emphasized that for samples in H2O, two scans would be neces-
sary to obtain optimum solvent signal suppression. The subsequent
longer experiment time could be compensated by using a shorter
recovery delay to reach the same SNR as in one scan. However,
working on such partial saturation conditions could be problematic
for quantitative purposes.

Finally, 64 t1 increments were employed in the indirect dimen-
sion. Higher N1 values did not significantly improve SNR and
resolution, whereas for N1 = 32, a significant alteration of the reso-
lution along F1 was observed. Lower N1 values could potentially
be applied by using linear prediction methods. Thanks to this
optimization, the total experiment time was reduced to 7 min, a
duration that makes it possible to obtain a complete calibration
curve in a reasonable time. The corresponding optimized spectrum
is presented in Fig. 1(b), highlighting the possibility to identify and
quantify metabolites whose signals are close to diagonal peaks,
such as taurine and myo-inositol.

3.2. Analytical evaluation

In order to assess our optimized method for quantitative analy-
sis of metabolic mixtures, we chose a mixture of six metabolites
reflecting real samples such as those obtained after extraction
from cellular cultures [24]. We evaluated the repeatability for each
metabolite signal at various concentrations by repeating five suc-
cessive experiments. For each relevant signal, 2D peak volumes
were measured relatively to a reference peak (alanine) whose con-
centration was kept constant from one sample to another. The
reference concentration was kept at a maximum value even for
weak metabolite concentrations, to ensure that the method would
give quantitative results even in unfavourable conditions where the
relevant metabolite peak intensities would be of the same order of
magnitude as the t1 noise arising from an intense signal. Table 1
summarizes the results obtained in terms of repeatability (RSD)
and signal-to-noise ratio (SNR).

In this study, SNR values were used to assess the sensitivity of
our methods. According to the IUPAC recommendations [25], this
choice is valuable only if the calibration curves are straight lines.
In our study, this choice was justified a posteriori by the excellent
linearity characterizing our method, as indicated below. Moreover,
in order to correctly measure SNR, one should keep in mind that the

origin and the nature of noise is very different in each dimension of
the 2D spectrum [26]. Along the direct F2 dimension, noise arises
mainly from thermal noise, like in 1D NMR. On the contrary, the
indirect F1 dimension is characterized by the so-called t1-noise gen-
erated mainly by instrumental instabilities [27]. t1-noise is always

50 mM metabolic mixture, recorded at 298 K on a 400 MHz spectrometer with 128



256 E. Martineau et al. / Journal of Pharmaceutical and Biomedical Analysis 54 (2011) 252–257

Table 1
Minimum and maximum signal-to-noise ratio (SNR) and relative standard deviation
(RSD) obtained on 1H INADEQUATE spectra using six different test mixtures (with
concentrations ranging from 0.1 mM to 50 mM approximately).

S/N for highest
concentration

S/N for lower
concentration

RSD
(min)

RSD
(max)

Lactic acid 657 (47.88 mM) 283 (0.41 mM) 0.04% 1.63%
Proline 33 (47.73 mM) 7 (0.09 mM) 0.83% 7.25%
Myo-inositol 599 (48.04 mM) 280 (0.28 mM) 0.42% 1.70%
Taurine 182 (49.44 mM) 136 (0.08 mM) 0.48% 1.32%
GSH 48 (47.98 mM) 2 (0.10 mM) 0.90% 8.06%
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Fig. 4. 2D 1H INADEQUATE spectrum of a MDA-MB-468 line cellular extract,
obtained by CHCl3/MeOH/H2O extraction of breast cancer cells. Spectrum acquired
/N were measured along F1 dimension to account for the higher, so-called “t1

oise” characterizing this dimension. RSD were determined on relative peak vol-
me ratios (reference: alanine 50 mM) for five successive experiments. Minimum
SD is observed for maximum SNR and vice-versa.

igher than thermal noise, therefore SNR values are only relevant if
hey are measured along the indirect dimension. Consequently, SNR
alues indicated in Table 1 were measured along columns for the
elevant chemical shifts on the non-symmetrized spectra. More-
ver, it should be noticed that t1-noise is concentration-dependant,
onsequently SNR along the indirect dimension does not vary lin-
arly with concentration, thus explaining the somewhat surprising
NR values indicated in Table 1.

Still, Table 1 shows an expected correlation between SNR and
SD: minimum RSD is observed for maximum SNR and vice-versa.
epeatability remains under 2%, except for two metabolites at the

owest concentration (proline and glutathione). The two RSD values
bove 2% correspond to cases where metabolite concentrations are
nder the limit of quantification (LOQ), which is defined by a SNR of
0 according to the ICH guidance [28]. However, the corresponding
eak volumes can still be measured with a precision better than
%. Finally, our fast optimized INADEQUATE method appears well
uited for quantifying metabolites above the LOQ with a precision
etter than 2%. Sub-millimolar concentrations can be characterized
ith a very good precision in 7 min. When necessary, several scans

ould be accumulated in order to reach lower concentrations.
For identical concentrations, 2D peak volumes are very different

rom one metabolite to another, because 2D peak volumes depend
n a number of factors (number of nuclei, J-couplings, T2, overlap
nd relative phases inside a multiplet). As a consequence, a calibra-
ion procedure is necessary to obtain accurate results, like in many
ther spectroscopic techniques such as UV–vis or IR spectroscopy.
n the case of quantitative INADEQUATE 2D NMR, the short experi-

ent duration now makes it possible to obtain a calibration plot in
very short time. Accurate results can therefore be obtained after

alibration if a good linearity is achieved. We evaluated the linearity
f the fast 2D INADEQUATE protocol by plotting calibration curves

f 2D peak volume ratios as a function of gravimetric concentration
atios. Calibration curve parameters are shown in Table 2. The very
igh coefficients of determination show the excellent linearity of
he fast INADEQUATE 2D method, thus proving that accurate mea-
urements can be obtained after preliminary calibration. It can be

able 2
alibration curve parameters obtained when plotting the dependence of metabo-

ite peak volume ratios on the gravimetric concentration ratio for optimized 1H
NADEQUATE.

Slope y-Intercept r2

Lactic acid/alanine 1.060 ± 0.020 −0.0053 ± 0.096 0.9986
Proline/alanine 0.007 ± 0.001 0.0006 ± 0.005 0.9232
Myo-inositol/alanine 0.652 ± 0.011 0.0008 ± 0.0056 0.9988
Taurine/alanine 0.215 ± 0.002 0.0013 ± 0.0008 0.9998
GSH/alanine 0.023 ± 0.001 −0.0007 ± 0.0005 0.9932

ach calibration curve was obtained using six different test mixtures with concentra-
ions ranging from 0.1 mM to 50 mM approximately. Alanine was used as a reference
o calculate relative peak volume ratios and concentration ratios.
in 7 min at 298 K on a 500 MHz spectrometer equipped with a cryogenic probe, with
1 transient and 64 t1 increments. Relevant metabolite 2D peaks are indicated. Ala:
alanine; GSH: glutathione; Ino: myo-inositol; Lac: lactic acid; Tau: taurine; Thr:
threonine.

noticed, however, that the linearity is lower for proline, a result that
can be correlated with the lower SNR characterizing the 2D peak for
this metabolite. Also noticeable are the differences between slope
values, highlighting the heterogeneity of 2D NMR response coef-
ficients. Finally, y-intercept values are not significantly different
from zero, showing the absence of bias in the method.

3.3. Applicability to biological samples

The fast INADEQUATE protocol described above was designed
as a tool for studying real metabolic samples. In order to assess its
capacity to identify and quantify relevant biomarkers in biological
samples, we applied it to a breast cancer cell extract. The corre-
sponding INADEQUATE spectrum, acquired in 7 min, is presented
in Fig. 4. It is important to notice that the extraction procedure
was not completely optimized here, and is the purpose of current
research. Still, we were able to identify a number of metabolites
above the quantification limit, including some of the metabolites
that were present in the model mixture. This result highlights the
appropriateness of our fast method for studying biological samples.
The quantification of metabolites in such samples to differentiate
various cancer cell lines using the fast 2D INADEQUATE protocol
will be presented in a further publication.

A noticeable feature of Fig. 4 is the numerous peak overlaps
characterizing the 3–4 ppm region. This is the main limit of the
INADEQUATE method versus heteronuclear correlations: the dis-
crimination of resonances is not as efficient as for heteronuclear
techniques, such as the fast HSQC protocol described by Lewis et
al. [10] However, the fast INADEQUATE experiment offers a higher
inherent sensitivity and is still able to quantify a number of rele-
vant metabolites. Therefore, the two fast methods could be used in
a complementary manner for complete metabonomic studies.
4. Conclusion

In this work, quantitative 1H INADEQUATE 2D spectra of
metabolic mixtures were obtained in 7 min with a repeatability bet-
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er than 2% for metabolite concentrations as small as 100 �M and
n excellent linearity. The 2D 1H INADEQUATE protocol described
n this work is an efficient method for fast and precise quantifi-
ation of metabolic mixtures, and it forms a promising tool for
etabonomic studies. In order to improve its precision, further
MR developments will consider the implementation of 180◦ adi-
batic pulses and the investigation of other coherence-selection
radient schemes. From the analytical point of view, our method
nly allows the determination of relative concentrations, and thus
equires adding an internal reference. The next step will be the
mplementation of the ERETICTM method (electronic reference to
ccess in vivo concentrations) that allows the determination of
bsolute concentrations [29]. ERETICTM has already been success-
ully implemented in 2D pulse sequences [30].

Thanks to the optimization presented above, quantitative 2D
pectra were obtained in 7 min. However, this value constitutes
he lower limit for the experiment duration, as a number of t1
ncrements will always be required to obtain a 2D spectrum with a
ufficient resolution. In order to decrease this limit by several orders
f magnitude, we have recently proposed an analytical evaluation
f ultrafast 2D NMR [23], showing promising analytical results for
D spectra acquired in a fraction of a second on model compounds
ixtures. We are currently improving this methodology in terms

f resolution and sensitivity in order to make it suitable for quan-
itative analysis of metabolic mixtures such as those described in
his study.

In terms of application, various cancer cell lines will be analyzed
y our fast INADEQUATE protocol and subjected to statistical anal-
sis in order to find relevant biomarkers for differentiating them.
hese results will be presented in further, biological-oriented pub-
ications.
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