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a b s t r a c t
Quantitative 2D NMR is a powerful analytical tool which is widely used to determine the concentration
of small molecules in complex samples. Due to the site-speciﬁc response of the 2D NMR signal, the
determination of absolute concentrations requires the use of a calibration or standard addition approach,
where the analyte acts as its own reference. Standard addition methods, where the targeted sample is
gradually spiked with known amounts of the targeted analyte, are particularly well-suited for quantitative
2D NMR of small molecules. This paper explores the potential of such quantitative 2D NMR approaches
for the quantitative analysis of a high molecular weight polysaccharide. The results highlight that the
standard addition method leads to a strong under-estimation of the target concentration, whatever the
2D NMR pulse sequence. Diffusion measurements show that a change in the macromolecular organization
of the studied polysaccharide is the most probable hypothesis to explain the non-linear evolution of the
2D NMR signal with concentration. In spite of this non-linearity – the detailed explanation of which is
out of the scope of this paper – we demonstrate that accurate quantitative results can still be obtained
provided that an external calibration is performed with a wide range of concentrations surrounding the
target value. This study opens the way to a number of studies where 2D NMR is needed for the quantitative
analysis of macromolecules.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Nuclear magnetic resonance (NMR) is one of the most versatile
analytical techniques, and its quantitative potential is widely recognized. Liquid-state quantitative NMR has been used for decades
in a large range of application ﬁelds, such as pharmaceutical analysis, natural products, in vivo spectroscopy and metabolomics. A
large majority of quantitative NMR studies have taken advantage
of the high sensitivity of the 1 H nuclei; unfortunately 1 H NMR is
often hampered by the high degree of overlap characterizing 1D
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spectra, particularly when the analytes are studied in complex environments. Several solutions have been considered to overcome this
overlap problem, such as the use of spectral deconvolution procedures or the use of other nuclei with wider spectral ranges such as
13 C [1] or 15 N [2]. Another appealing solution is to rely on twodimensional NMR, a technique proposed by Jeener in 1971 and
applied for decades as a routine tool for the elucidation of small
organic molecules or macromolecular structures [3,4]. From the
quantitative point of view, 2D NMR has the high advantage of offering a much better discrimination of resonances than 1D NMR, as
the peaks are spread along an additional orthogonal dimension.
The use of 2D NMR for quantitative analysis has been particularly expanding during the last decade [5–11], a late development
which is explained by two main drawbacks. The ﬁrst one is the
long experiment duration inherent to the time incrementation procedure associated with the acquisition of the indirect dimension.
Typical 2D NMR experiments last between a few tens of minutes
to a few hours, which not only overloads the spectrometer schedules, but also signiﬁcantly affects the repeatability of quantitative
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measurements, leading to a relatively poor precision [11,12]. It also
makes it difﬁcult to study samples whose composition evolves in
the course of time under the effect of kinetic or dynamic processes.
Fortunately, a number of strategies have been proposed to reduce
the duration of quantitative 2D NMR experiments, from the careful
optimization of acquisition and processing parameters [7,8,13,14]
or the use of covariance spectroscopy [15,16] to the use of different
sampling strategies such as ultrafast 2D NMR [12,17].
The second main challenge of quantitative 2D NMR is that –
contrary to one pulse 1D NMR – the coefﬁcient of proportionality k between the 2D peak volume and the concentration is
highly site-speciﬁc, as it depends on several peak-dependant factors (transverse relaxation times, J-couplings and pulse sequence
delays). Because this dependence is a priori not known, it is necessary to ﬁnd a way to determine – or to get rid of – the proportionality
constant k for each peak, in order to reach a high trueness in
the determination of the analyte concentrations. Three families
of approaches have been described to reach this goal. The ﬁrst
one consists in modifying the NMR experiment itself to remove
the dependence of k on the different factors mentioned above, so
that the peak volume is not site-speciﬁc anymore [18]. A second
strategy consists in determining, for each peak, the exact value
of k, based on theoretical considerations [19]. A last family of
approaches also determines the different k values, but by relying on more classical analytical approaches such as calibration or
standard additions [7,10]. As recently described [11], so far only
the last family of approaches has succeeded in reaching a high
precision, and has become applicable in routine. Combined to fast
acquisition protocols, calibration and standard addition methods
have been particularly successful in determining the concentration of small metabolites in complex mixtures such as plant tissue
extracts [7], cancer cell extracts [10,17], biological ﬂuids [20,21], etc.
An accuracy of a few percent was generally reported for acquisitions
performed within reasonable experiment times.
While they may seem relatively similar, calibration and standard
addition methods are relatively different in that the ﬁrst one can
be seen as an external reference, while the second one acts as
an internal reference [22]. The external calibration strategy consists in recording NMR spectra on a series of standards in different
concentrations, plotting their 2D NMR peak volumes versus their
concentrations, and then using the resulting curve to determine
the concentration of the unknown sample. This approach is well
adapted to the simultaneous quantiﬁcation of multiple compounds,
however it may suffer from the differences that occur between
the model samples used for calibration and the complex sample
in which the quantiﬁcation is performed. As a consequence, the
NMR response of the external standards may differ from the one
of the sample of interest, which affects the trueness of the analytical method. On the contrary, in the standard addition approach,
the target analytes are acting as their own reference, and the
whole procedure is carried out within the same NMR tube, thus
avoiding the inter-sample variation drawback of the external calibration approach. Here, known amounts of the target analyte (or
mixture of analytes) are gradually spiked to the analyzed sample.
For each analyte whose concentration needs to be determined, a
standard addition curve is ﬁtted by the linear regression equation:
V = a·[c] + b, where V represents the 2D peak volume and [c] the concentration of the analyte in the sample. The initial concentration of
the analyte in the sample is calculated by the b/a ratio, where a is
the slope and b the y-intercept of the linear regression curve [23].
Recently, we demonstrated that a high trueness could be reached
by coupling a standard addition method to a quantitative 2D NMR
approach [10,17]. However, only small molecules were targeted in
these recent applications.
Therefore, the goal of this paper is to determine whether these
recent quantitative 2D NMR approaches can be efﬁciently applied
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to the accurate quantiﬁcation of bigger molecules. Polysaccharides have been chosen for this study, as they play a major role in
many biological systems and processes of all kingdoms (Animalia,
Plantae, Fungi, Protista, Archaea, and Bacteria) without forgetting
viruses. Largely used in many industries (food, biomaterials, cosmetics, etc.) [24,25] for their sweetening or thickening properties
or for their resistance, polysaccharides are also used in the pharmaceutical industry [26,27] for therapeutic (drugs) and prophylactic
purposes (vaccines) [28]. Polysaccharides can be active components, adjuvants but also unwanted residuals. Therefore, being able
to quantify them in complex solutions – such as intermediates of
manufacturing processes or vaccine doses – is important for understanding and developing the associated products and processes. As
quantiﬁcation can be really challenging in such complex mixtures
by the classical methods or by 1D NMR, the 2D NMR approach is
a major potential alternative method. The potential of 2D NMR to
determine the composition of polysaccharides was recently highlighted, but it was never used for concentration determination
purposes [29,30]. In this paper, we explore the potential of quantitative 2D NMR experiments combined with a standard addition
procedure to determine the concentration of a model polysaccharide. Unexpected results are described and analyzed in order to
propose a reliable protocol for quantitative 2D NMR of such macromolecules.

2. Results and discussion
2.1. Model molecule
The model molecule chosen for this study is the capsular
polysaccharide PRP (Poly(ribosyl-Ribitol-Phosphate)) produced by
Haemophilus inﬂuenzae type b (Hib) responsible of serious invasive diseases such as meningitis in infants. PRP is the protective
immunogen used in commercially available anti-Hib vaccines. It
is a linear polymer of the repeating unit [3)-␤-D-Ribf-(1 → 1)-Dribitol-5-P-(O → ]n [31]. Fig. 1 shows the 1D and 2D spectra of
PRP which were recorded on a 500 MHz spectrometer equipped
with a cryoprobe. The structure of PRP is represented in Fig. 1
(a), together with the corresponding 1D spectrum. The four cyclic
protons (H1 , H2 , H3 and H4 ) are clearly identiﬁed [32–35] and
are used for quantiﬁcation throughout this study. They have been
chosen because they correspond to well-separated peaks on the 1D
spectrum, therefore they can be used to compare the quantitative
results obtained by 2D versus 1D NMR experiments. These protons
also give rise to well identiﬁed correlation peaks on 2D spectra.
Fig. 1 (b–d) presents representative examples of 2D experiments
which have been used recently in the literature for quantitative
analysis: zero-quantum ﬁltered total correlation spectroscopy
(ZQF-TOCSY) [9,36], 1 H Incredible Natural Abundance DoublE
QUAntum Transfer Experiment (INADEQUATE) [8,10] and 1 H–13 C
Heteronuclear Single Quantum Coherence (HSQC) [7,37]. Note
that the INADEQUATE experiment is generally used to establish
13 C–13 C connectivities, but that its 1 H–1 H version is also a powerful
analytical tool to simplify the homonuclear 2D spectra of complex
mixtures [8,10], an approach similar to the Maximum Quantum
strategy described by Caldarelli and co-workers [38]. The three
experiments cited above have been characterized by excellent
analytical performances (repeatability and linearity) on small
molecules, and detailed information about the corresponding
experiments can be found in the references mentioned above.
The signal attributions are also reported on the 2D spectra; for
example, in Fig. 1 (b) and (c), H1 /H2 symbolizes the correlation
peak between H1 (F2 dimension) and H2 (F1 dimension). Likewise,
H3 /(H2 + H4 ) represents the correlation peak between H3 (F2
dimension) and H2 and H4 (F1 dimension): these two protons
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Fig. 1. Different NMR spectra of a 5.51 mmol L−1 Poly(ribosyl-Ribitol-Phosphate) (PRP) sample in D2 O, recorded at 500 MHz with a cryoprobe. (a) One-dimensional 1 H NMR
spectrum and molecular structure of the PRP; (b) Two-dimensional ZQF-TOCSY spectrum; (c) Two-dimensional 1 H INADEQUATE spectrum; (d) Two-dimensional 1 H–13 C
HSQC spectrum.

cannot be discriminated due to an overlap along the F1 dimension.
Correlation peaks between protons and the corresponding carbons
are also indicated on the HSQC spectrum (Fig. 1(d)).
2.2. Standard additions
The initial aim of this work was to determine the concentration
of PRP in a model solution S1 (target concentration: 5.51 mmol L−1 )
by relying on a standard addition procedure as described in the
introduction, i.e. the unknown concentration is determined by
adding known amounts of PRP to the initial sample. However, for
the analytical study described below, which required performing
multiple experiments for each added concentration, we actually
prepared three additional samples (S2, S3 and S4) mimicking those
that would have been obtained by spiking the sample S1 with
known amounts of PRP. Thanks to this procedure, we could avoid
preparing fresh samples between each series of acquisitions, and all
the acquisition methods were compared on the same samples, thus
excluding errors that could arise from the sample preparation procedure. For each sample, 1D and 2D NMR signals were measured on
each spectrum for all the integration sites described in Fig. 1. The
NMR signal was then plotted as a function of the added concentration, and the equation of the linear regression curve led to the
determination of the “unknown” concentration. Fig. 2 represents
the standard addition curves (normalized to the signal measured

for S1) obtained by 1D 1 H NMR and by three different 2D NMR
experiments. The concentration determined by the standard addition procedure is given by the intersection of the linear regression
curve with the horizontal axis (empty circles). It clearly appears that
the concentration determined by 1D NMR is very close to the target
concentration. On the contrary, the concentration determined by
the 2D NMR experiments is systematically underestimated, whatever the pulse sequence used. Similar results are obtained whatever
the peak chosen for quantiﬁcation, as shown by the quantiﬁcation results in Table 1, which also includes results obtained with
two other pulse sequences: 1 H Correlation Spectroscopy (COSY)
and 1 H-31 P HSQC. Even though the determination coefﬁcient of the
regression curve is excellent for all experiments and all signals, only
1D NMR leads to acceptable quantiﬁcation results (error lower than
7%), while the deviation to the target concentration obtained by 2D
NMR is always higher than 25%. These results clearly indicate that
the standard addition approach is not suitable to quantify PRP by 2D
NMR, contrary to what we recently described for small molecules
[8,17]. Several hypotheses have been made in order to understand
why the concentration was underestimated by 2D NMR.
2.3. Non-linear evolution of the 2D NMR signal
First of all, Table 1 demonstrates that the poor accuracy does not
depend on the pulse sequence used: indeed, for each 2D sequence
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Fig. 2. Standard addition curves of the PRP in D2 O for different NMR experiments performed at 500 MHz with a cryoprobe. Filled triangles represent the signal measured
on the spectra recorded on solutions S1 to S4, while empty circles correspond to the extrapolation of the linear regression curve at y = 0, giving access to the concentration
of the S1 solution. The target concentration is also indicated. The following signals were used for plotting these curves: H1 for 1D NMR, H1 /H2 for ZQF-TOCSY, H4 /H3 for 1 H
INADEQUATE and C/H2 for 1 H–13 C HSQC. Similar results are obtained with other signals, as shown in Table 1. All the signals were normalized to 1 for an added concentration
equal to zero.

applied, the targeted concentration is always underestimated by
the standard addition procedure. After this initial observation,
we ﬁrst suspected the presence of radiation damping (RD) but
this hypothesis was invalidated by additional measurements performed in a less sensitive hardware conﬁguration, where similar
results were obtained (Supporting Information Table S1).
Another possible source of error could arise from longitudinal
relaxation times (T1 ). It has been shown that when standard additions or calibration curves are used, it is possible to work under
partial saturation conditions, provided that T1 s do not vary over the
studied concentration range [8,17]. In order to ensure that it was
not the case here, we measured the T1 s of the different molecular sites on the initial solution and after the last standard addition.
Table 1
Quantiﬁcation results for the PRP sample in D2 O (target concentration =
5.51 mmol L−1 ) obtained with a standard addition approach performed with different NMR pulse sequences on a 500 MHz spectrometer with a cryoprobe. The
accuracy corresponds to the deviation to the target concentration.
Peak

r2

1D H

H1
H2
H3
H4

0.9992
0.8891
0.9961
0.9872

−2
5
−7
0

ZQF-TOCSY

H1 /H2
H2 /H1
H3 /(H2 + H4 )
H3 /H3
H4 /H3
H2 /H3

0.9887
0.9995
0.9995
0.9995
0.9989
0.9980

−49
−46
−39
−42
−27
−46

COSY

H1 /H2
H2 /H1
H3 /H4
H3 /H2
H3 /H3
H4 /H3
H2 /H3

0.9919
0.9773
0.9913
0.9889
0.9941
0.9975
0.9889

−60
−65
−52
−58
−38
−45
−57

1

H1 /H2
H2 /H1
H3 /(H2 + H4 )
H4 /H3
H2 /H3

0.9643
0.9686
0.9818
0.9886
0.9870

−65
−64
−59
−56
−57

C

C/H1
C/H3
C/H2
C/H4

0.9985
0.9991
0.9952
0.9972

−42
−44
−54
−26

HSQC 1 H – 31 P

H3 /P

0.9720

−58

Pulse sequence

1

H INADEQUATE

1

HSQC H –

13

Accuracy (%)

The results (Supporting Information Table S2) show that the T1 s
do not vary signiﬁcantly over the concentration range. Therefore,
partial saturation effects cannot explain the high quantiﬁcation
errors described above. Moreover, such effects would probably
have biased the results obtained by 1D NMR as well, which was
obviously not the case.
Based on these unsuccessful attempts, we decided to observe
the evolution of the 2D NMR signal over a larger concentration
range, in order to detect possible non-linear effects. We prepared
ﬁve additional samples with PRP concentrations lower than the
one of the S1 solution, and we measured the NMR signals obtained
with several pulse sequences. The NMR signals were then plotted
versus the real concentration of PRP. From the corresponding calibration curves (Fig. 3), the non-linear evolution of the 2D NMR
signal is blindingly obvious, whatever the pulse sequence. The
same result was observed for all signals of the 2D spectra, which
explains why the concentration of S1 obtained with the standard
addition procedure was systematically underestimated. This result
is contradictory with those obtained on small molecules, where
a high linearity was systematically reported for large concentration ranges [7,8,10,17,20,21]. The main consequence is that the
quantiﬁcation of macromolecules such as PRP by 2D NMR cannot
be performed by a standard addition procedure, but requires an
external calibration approach with a concentration range including
the target concentration. Of course, such calibration curves cannot
be ﬁtted by a linear regression model, but a good correlation can
be obtained with a non-linear regression. In order to evaluate the
performance of this approach, the point corresponding to the target solution S1 was removed from the calibration graph, and the
remaining points were ﬁtted by a polynomial equation -a polynomial of degree 4 led to the best ﬁt. There is actually no physical
meaning for this dependence, which is only the result of the best
polynomial ﬁt that could adjust the experimental points. Closely
looking at the curves in Fig. 3, a bi-linear ﬁt would also be an option
which would be coherent with a change in the macromolecular
organization with concentration, as described in Section 2.4. This
bi-linear ﬁt was added on the curves, still it fails to accurately predict the peak volumes in the middle of the concentration range,
where our target concentration stands. We therefore suggest to
use the polynomial ﬁt for the determination of concentration.
The quantiﬁcation results are presented in Table 2. We can
observe that for each sequence and each integration site, the
deviation to the target concentration is lower than 5%, which
demonstrates the excellent accuracy of the calibration approach.
Moreover, the very high determination coefﬁcients r2 obtained for
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Fig. 3. Calibration curves of the PRP in D2 O for different NMR experiments performed at 500 MHz with a cryoprobe. The following signals were used for plotting these curves:
H2 /H1 for ZQF-TOCSY (a), H3 /H2 for COSY (b), C/H2 for 1 H–13 C HSQC (c) and H4 /H3 peak for 1 H INADEQUATE (d). Similar results are obtained with other signals and pulse
sequences. All the signals were normalized to 1 for the most concentrated sample. The best polynomial ﬁt (black dotted lines) was obtained with a polynomial of degree 4.
The apparent bi-linearity of the curves is also highlighted (red dashed lines).

each site conﬁrm the quality of the regression. The external calibration is consequently the best way to accurately determine the
concentration of such macromolecular samples. Compared to the
standard addition procedure, this strategy presents some drawbacks, in particular when the target molecule needs to be quantiﬁed
Table 2
Quantiﬁcation results for the PRP sample in D2 O (target concentration = 5.51 mmol L−1 ) obtained with a calibration approach performed with
different NMR pulse sequences on a 500 MHz spectrometer with a cryoprobe. The
accuracy corresponds to the deviation to the target concentration.
Pulse sequence

Peak

r2

Accuracy (%)

ZQF-TOCSY

H1 /H2
H2 /H1
H3 /(H2 + H4 )
H3 /H3
H4 /H3
H2 /H3

0.9992
0.9998
0.9997
0.9996
0.9997
0.9993

7
1
1
1
−5
1

COSY

H1 /H2
H2 /H1
H3 /H4
H3 /H2
H3 /H3
H4 /H3
H2 /H3

0.9991
0.9989
0.9996
0.9995
0.9998
0.9996
0.9995

5
6
5
5
4
−2
−3

1

H1 /H2
H2 /H1
H3 /(H2 + H4 )
H4 /H3
H2 /H3

0.9975
0.9972
0.9988
0.9988
0.9990

0
−1
−2
−2
−2

C

C/H1
C/H3
C/H2
C/H4

0.9999
0.9997
0.9999
0.9997

5
1
3
−3

HSQC 1 H – 31 P

H3 /P

0.9989

−8

H INADEQUATE

1

HSQC H –

13

in a complex mixture – which is almost always the case when the
use of quantitative 2D NMR is considered. In this case, the experimentalist must ensure that the calibration samples are as close
as possible to the complex sample (particularly in terms of pH)
so that the 2D peak volume evolution in the calibration samples
is representative of those measured in the complex sample. Still,
these results demonstrate that the external calibration procedure
is much more adapted than standard additions for the accurate
quantiﬁcation of this high-molecular weight polysaccharide.
2.4. Possible origin of non-linear effects
The last part of this manuscript discusses some hypotheses
that could explain the origin of the non-linear effects observed
above, considering that such effects were observed in 2D but not
in 1D NMR. Because of the high molecular weight of the PRP, we
suspected that a change in nuclear Overhauser effect (NOE) with
concentration could be at the source of this non-linearity. Contrary
to the one-pulse 1D experiment where the NOE does not impact
the peak area, 2D experiments are multi-pulse, and as the spin system is out of equilibrium, NOE can impact the peak volumes during
the different evolution delays of the 2D pulse sequence. In order to
assess the impact of homonuclear NOE as a function of concentration, we performed 2D NOESY (NOE Spectroscopy) experiments for
several of our samples at different concentrations. Strong correlation peaks were observed for all protons, with the same sign as the
diagonal peaks, which is expected in the case of macromolecules
with long correlation times. The correlation peak volumes were
normalized by the volume of the corresponding diagonal peaks.
These relative peak volumes were plotted against concentration, as
shown in Fig. 4 for the H2 proton (similar curves were obtained for
all signals – results not shown). Fig. 4 shows a non-linear decrease
of NOE with the concentration, which can be correlated with the
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Fig. 4. Relative evolution of the sum of the 2D NOESY cross-peak volumes involving
the H2 proton (normalized by the corresponding diagonal peak volume). For the sake
of comparison, the evolution of the H2 /H3 peak volume for the 1 H INADEQUATE
experiment is also plotted. The data were obtained on a 500 MHz spectrometer
equipped with a cryoprobe.

non-linear response of the 2D NMR signal in the experiments
described above.
The explanation of this non-linear evolution of NOE is certainly
complex, but some hypotheses can be raised to explain it at least
partially. In particular, it could be linked to a change in the global
mobility of the PRP with concentration. As shown by additional
NMR diffusion measurements (Supplementary Fig. S1), the diffusion coefﬁcient of the PRP changes as a function of concentration
with a drop in the middle of the concentration range – the diffusion coefﬁcient is divided by a factor 2. Such effect could be
in favor of a change in the global molecular tumbling due to a
change in the macromolecular organization – such as the formation of aggregates – for concentrations around 4 mmol L−1 . While
the formation of micelles is likely to occur in such compounds
[15], it would have probably led to a more dramatic change in
the diffusion coefﬁcient values. The hypothesis of a macroscopic
change is further corroborated by an apparent bi-linear evolution
of the 2D peak volumes which is highlighted in Fig. 3. This bi-linear
evolution could highlight the presence of two distinct macromolecular conﬁgurations throughout the studied concentration
range.
The hypothesis of a change in the local mobility was also
assessed. For that, the 1 H full widths at half height (FWHH, Supplementary Table S3) were measured for different samples over the
concentration range, as a marker of change in T2 relaxation. The
FWHH values are characterized by a variation between 0% (for H2 )
and 37% (for H1 ). These relatively low variations – at least for some
of these protons – indicate that the local mobility does not change
dramatically, and they are rather unlikely to explain the strong nonlinear effects described above: for example, the 2D peak volume of
H2 shows the same non-linear evolution as H1 with concentration,
even though the FWHH of H2 does not change. Still, the non-linear
results presented so far are speciﬁc to the protons of the cyclic
ribofuranose ring, whose internal mobility is highly constrained.
Therefore, additional peak volume determinations were performed
from the signals of the more ﬂexible acyclic ribitol residue on the
1 H–13 C HSQC spectrum (Supplementary Fig. S2). The results lead
to the same non-linear behavior as observed in Fig. 3 c. This result
demonstrates that the effect is not related to the internal ﬂexibility
of the macromolecule, but rather to a change in the global molecular
tumbling change as described above.
A last effect that may complicate even further the interpretation
of non-linear NOE effects is the inﬂuence of spin diffusion. This phenomenon can take place for molecules with high correlation times
such as PRP. In this case, cross relaxation becomes very efﬁcient and
leads to ambiguities in the interpretation of NOESY peak volumes,
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as highlighted by Keeler [39]. Spin-diffusion, which increases with
concentration, could therefore reduce the efﬁciency of the dipolar
coupling, thus decreasing the impact of NOE.
These arguments highlight the complexity of the different
effects that could explain the non-linear behavior described in this
study. Still, the diffusion measurements show that a change in
the macromolecular organization of the PRP is the most probable hypothesis to explain the non-linear effects described above.
Moreover, additional experiments performed with two different
versions of the HSQC pulse sequence (Supplementary Fig. S3), also
show that the degree of non-linearity is pulse-sequence dependent.
The non-linearity is less pronounced when a more compact pulse
sequence is used. This observation is coherent with the hypothesis described above, as changing the number of pulses in the pulse
sequence is likely to impact the inﬂuence of NOE on 2D peak volumes.
3. Material and methods
3.1. Chemicals
Poly(ribosyl-Ribitol-Phosphate) with sodium as a counter-ion
was obtained by bacterial fermentation at Sanoﬁ Pasteur Manufacturing Division, Marcy l’Etoile, France. Deuterium oxide (D2 O;
99.9%D) was purchased from EURISOTOP (www.eurisotop.com). All
the concentrations are given relatively to the repeat unit, whose
molecular weight is 368 g mol−1 , and the apparent size of the PRP
is several hundreds of kDa.
3.2. Sample preparation
PRP was diluted in different amounts of D2 O in order to prepare
the samples mimicking the standard addition procedure and for the
calibration curves. All the samples were homogenized and ﬁltered
in a 5 mm NMR tube. Next, the samples were sonicated for 5 min in
an ultrasound bath to allow degassing. After this step, a gentle ﬂow
of N2 gas was sent on each sample in order to avoid the increase of
residual water.
In the ﬁrst part of this work, we used a short range of concentrations to mimic the standard addition procedure. Solutions
S1–S4 had the following real concentrations in PRP: 5.51; 6.50;
7.50 and 8.49 mmol L−1 , corresponding to added concentrations
of 0.00; 0.99; 1.99 and 2.98 mmol L−1 vis-à-vis the initial solution
S1. In the second part of the study, the concentration range was
extended by preparing ﬁve additional solutions with the following
PRP concentrations: 1.00; 1.80; 2.50; 3.50 and 4.50 mmol L−1 .
3.3. Spectrometers
The different measurements presented in this paper were performed on three Bruker spectrometers operating under Topspin
2.1. Most of the experiments were recorded at 293 K on a Bruker
Avance III 500 MHz spectrometer equipped with a cryogenic 1 H/13 C
probe, at a frequency of 500.13 MHz. To evaluate the effect of
radiation damping, additional experiments were performed at
298 K on a Bruker Avance 400 spectrometer, at a frequency of
400.13 MHz with a 5 mm dual+ 1 H/13 C probe. 2D HSQC 1 H–31 P
spectra were recorded at 298 K on a Bruker Avance III 400 MHz
spectrometer equipped with a BBFO probe, at a frequency of
400.13 MHz.
3.4. Acquisition parameters
All experiments were performed with conventional acquisition parameters. For homonuclear experiments, the residual water
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signal was presaturated during the recovery delay, and we veriﬁed that the presaturation did not signiﬁcantly impact the 2D
peak volumes and the shape of the calibration and standard addition curves. The repetition time TR (including the acquisition time
and the recovery delay) was set to ca. 3 s, corresponding to three
times the longest T1 . 1D spectra were recorded with eight scans
(500 MHz) or 16 scans (400 MHz) and with an 11 ppm spectral
width. Homonuclear 2D experiments were recorded with four
dummy scans and a number of scans depending on the pulse
sequence: one for ZQF-TOCSY, two for COSY and 1 H INADEQUATE,
and four for NOESY. The spectral width was 6 ppm × 6 ppm, and
the number of t1 increments was set to 128 (ZQF-TOCSY), 256
(NOESY) or 512 (COSY and 1 H INADEQUATE). For ZQF-TOCSY, a
DIPSI-2 mixing sequence was applied during 80 ms, ﬂanked by
adiabatic chirp pulses applied together with gradients, with the
same parameters as those described in Ref [9]. 1 H–13 C HSQC
experiments were recorded without water presaturation, with
2 dummy scans, 16 scans, 256 t1 increment, a 6 ppm width
in the 1 H dimension and a 80 ppm spectral width in the 13 C
dimension. The repetition time TR (including the acquisition time
and the recovery delay) was set to 2.4 s, and experiments performed with a longer TR (4.8 s) demonstrated that incomplete
relaxation was not at the source of the effects observed (Supplementary Fig. S3). The pulse sequence (hsqcedetgp) included
an optimized gradient-based coherence-selection scheme. Additional experiments (Supplementary information) with a simpler
HSQC experiment (hsqcgpph) were also performed. A GARP 13 C
decoupling was applied during the 1 H acquisition. The INEPT delay
was optimized for an average 1 H–13 C coupling constant of 145 Hz.
1 H–31 P HSQC experiments were recorded with 4 dummy scans, 64
scans, 32 t1 increments, a 6 ppm spectral width in the 1 H dimension and a 3 ppm spectral width in the 31 P dimension. A single
correlation peak was detected and used for quantiﬁcation, thus
explaining the low 31 P spectral width and the reduced number of t1
increments. The INEPT delay was optimized for an average 1 H–31 P
coupling constant of 7.6 Hz. A GARP 31 P decoupling was applied
during the 1 H acquisition.
All the experiments used in this study were previously shown to
be highly reproducible [10,36,37], therefore the reproducibility was
not further assessed in this manuscript. But the fact that a similar
non-linearity is obtained with different pulse sequences recorded
at different times, emphasizes that the effects observed are not due
to repeatability issues.
3.5. Processing parameters
All the spectra were processed using Topspin 3.0. After the
acquisition, all the FIDs were weighed by suitably chosen apodization functions: exponential (LB = 0.3 Hz) for 1D and ZQF-TOCSY
spectra, sine for COSY spectra, Lorentzian-Gaussian (LB = −1 Hz and
GB = 0.15 Hz) for 1 H INADEQUATE and NOESY, and sine2 for 1 H–13 C
HSQC and 1 H–31 P HSQC. All FIDs were zero-ﬁlled twice. The baseline of 1D spectra was manually corrected. For 2D spectra, several
baseline corrections were evaluated, but they did not signiﬁcantly
impact the quantitative results. Therefore, no baseline correction
was ﬁnally applied on 2D spectra.
3.6. Signal integration
1D peak areas and 2D peak volumes were measured using the
integration tools available in Topspin 3.0. The integration regions
were deﬁned on the most concentrated sample, and chosen so that
they do not overlap. They were systematically applied to the spectra
of the less concentrated samples. Peak areas or volumes were then
exported to Microsoft Excel where the graphs were plotted and the
concentrations were calculated.

4. Conclusion
This paper describes a quantitative 2D NMR approach to determine the concentration of polysaccharides in solution. The results
described above show that 2D NMR can be used for the accurate quantiﬁcation of polysaccharides, provided that a calibration
procedure is carried out on a range which includes the target concentration. This approach is a priori applicable to all commonly used
homonuclear or heteronuclear 2D experiments. On the contrary,
the standard addition procedure, which is extremely accurate in
small molecule studies, cannot be applied here, due to a non-linear
evolution of 2D NMR peak volumes as a function of concentration.
These results pave the way toward a number of applications
where various macromolecules could be quantiﬁed in complex
mixtures by 2D NMR. It would also be interesting to determine
if the non-linear effects change when the counter-ion is different and if they exist for other polysaccharide structures. Further
investigations will consider the application of these methods to
determine the concentration of multiple macromolecules in complex mixtures, as well as the use of faster acquisition methods such
as ultrafast 2D NMR, whose quantitative potential has recently been
highlighted [17,40].
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