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Dynamic nuclear polarization (DNP) allows to dramatically enhance the sensitivity of magic angle spin-
ning nuclear magnetic resonance (MAS NMR). DNP experiments usually rely on the detection of low-c
nuclei hyperpolarized from 1H with the use of cross polarization (CP), which assures more efficient signal
enhancement. However, CP is usually not quantitative. Here we determine the quantification perfor-
mance of three different approaches used in MAS NMR, (conventional CP, variable contact time CP,
and multiple-contact CP) under DNP conditions, and we show that absolute quantification in MAS DNP
NMR is possible, with errors below 10%.
� 2021 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Solution-state nuclear magnetic resonance (NMR) is a potent
tool for quantification [1]. Since the first quantitative applications
in the 1960s [2–3], NMR has been extensively used to accurately
quantify analytes in a large variety of systems.

However, despite its extremely high versatility, NMR suffers
from inherently low sensitivity, especially when compared to other
analytical techniques used for quantification, such as mass-
spectrometry [4–6], even if improvements in NMR technology have
allowed to significantly lower the limit of detection and quantifica-
tion in solution NMR [7]. Moreover, the applicability of solution
NMR to quantification is biased to the study of molecules in the
fast motional regime, and large molecules or molecules in rigid
or highly viscous matrixes often escape detection.

Magic Angle Spinning (MAS) NMR allows the analysis of immo-
bilized molecules, with virtually no limit regarding size [8–9]. The
sensitivity of MAS NMR can be dramatically increased with the use
of Dynamic Nuclear Polarization (DNP), through the transfer of
electron spin polarization from a paramagnetic agent to nearby
nuclear spins upon irradiation with microwaves (mw) [10–11].
DNP experiments usually rely on the observation of low-c
nuclei, such as 13C. Due to long polarization build up times, direct
excitation of 13C is usually not performed. Moreover, with DNP,
direct excitation of 13C does not provide quantitative spectra due
to the lack of efficient spin diffusion to distribute the hyperpolar-
ization [12–13]. Alternatively, 13C spins can be hyperpolarized
from 1H using cross polarization (CP), with simultaneous radio-
frequency irradiation on 1H and 13C [14]. The typically faster DNP
build-up times of 1H hyperpolarization usually result in more effi-
cient signal enhancement. However, ordinary CP is usually not
quantitative, mostly due to the fact that magnetization transfer
from 1H to directly bonded 13C is faster compared to quaternary
13C or more mobile portions of the molecule [15].

Different approaches have been proposed in MAS NMR in order
to make conventional CP at the Hartmann-Hahn condition [16]
more quantitative. These include the use of ramped CP [17],
13C–13C spin diffusion [18,19], variable contact time CP [20,21],
multi-pulse irradiation [22], and multiple-contact CP [23,24].
Multiple-contact CP, in particular, has already proven to be effec-
tive in providing reliable relative quantification in polymers under
DNP conditions [13]. In another application, multiple-contact CP
has also been shown to efficiently transfer surface-based hyperpo-
larization into the bulk of inorganic solids [25,26].

Here, we develop a CP based absolute quantification approach
using an internal standard for MAS DNP NMR. We explore the
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quantification performance of three different approaches used in
MAS NMR, notably conventional CP, variable contact time CP,
and multiple-contact CP, under DNP conditions. The experiments
are performed on benchmark frozen solutions, each containing a
standard and an analyte in known amounts, and on a more com-
plex mixture where signal overlap occurs. The analytes range from
simple metabolites such as sodium pyruvate, to a medium sized
drug molecule. We show that absolute quantification in MAS
DNP NMR is possible, with errors below 10%. All of the aforemen-
tioned experimental approaches provide reliable quantification, to
some degree, but we find that multiple-contact CP clearly provides
the best results in terms of robustness, reproducibility, efficiency
and accuracy.
2. Experimental

2.1. Sample preparation

Six samples (numbered 1 to 6) are analyzed here, as summa-
rized in Fig. 1. Samples 1 to 4 are prepared by mixing a standard
and an analyte in a known amount of D2O (Sigma-Aldrich), as
described below.

The amount of analyte is verified by solution NMR. Each solu-
tion is then mixed with suitable amounts of H2O, 12C3, 2H8 - glyc-
erol (Cambridge Isotope Laboratories), and AMUPol [27] (kindly
provided by Dr O. Ouari), in order to obtain a preparation corre-
sponding to glycerol:D2O:H2O 6:3:1v/v AMUPol 10 mM [27,28].

Sample 1 was obtained by mixing 37.7 mg of calcium formate as
a standard (Sigma-Aldrich, TraceCERT�) with 28.4 mg of imida-
zole�HI as an analyte (TCI), in 1114.7 mg of D2O.

Sample 2 was obtained by mixing 14.3 mg of calcium formate as
a standard (Sigma-Aldrich, TraceCERT�) with 0.7 mg of 13C6 - Wnt-
c59 as an analyte (provided by AstraZeneca), in 2 mL of D2O (vol-
umetric flask).

Sample 3 is obtained by mixing 36.0 mg of imidazole�HI as a
standard (TCI) with 0.7 mg of 1-13C sodium pyruvate as an analyte
(Camdridge Isotope Laboratories), in 1096.3 mg of D2O.

Sample 4 was prepared from the same batch as Sample 1, but
then analyzed as a repeat sample for DNP.

Sample 5 and sample 6 were prepared from a mixture obtained
by mixing 33.6 mg of a liposome suspension (~95 mg�mL�1 DPPC:
DPPS 98:2w/w in D2O, provided by AstraZeneca) with 60 mL of a 2H6-
DMSO:D2O:H2O 6:3:1v/v, 14 mM AMUPol solution (2H6-DMSO
purchased from Cambridge Isotope Laboratories). This solution
was split in two aliquots, one of which (sample 5) was added to
20 mL of the solution used to prepare sample 1 (calcium formate
: imidazole in D2O), while the other (sample 6) is used as a blank.
Further details are provided in SI.

Solution NMR. 1H 1D solution NMR experiments were acquired
on a 400 MHz (9.4 T) Avance Neo Bruker NMR spectrometer
Fig. 1. Standards and analytes used for preparing samples 1 to 4. Samples 1 and 4 are pr
the solutions for DNP. * indicates 13C labeled atoms.
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equipped with a TBO 5 mm probe. The residual water signal is sup-
pressed. For quantification, the recycle delay and the acquisition
duration were set to 60 s and 5 s, respectively.

DNP MAS NMR. DNP enhanced solid-state NMR experiments
for samples 1 to 3 were performed on a 400 MHz (9.4 T) Avance
Neo III Bruker NMR spectrometer, coupled with a 263 GHz gyro-
tron microwave source and equipped with a 3.2 mm triple reso-
nance low-temperature MAS probe tuned to 1H, 13C, 15N.
Experiments for samples 4 to 6 were performed on a 401 MHz
(9.4 T) Avance Neo III Bruker NMR spectrometer, coupled with a
264 GHz klystron microwave source and equipped with a
3.2 mm triple resonance low-temperature MAS probe tuned to
1H, 13C, 15N. Experiments were performed at ~ 100 K and at
8 kHz MAS (samples 1–4), and 7 kHz MAS (samples 5 and 6). For
all cross polarization experiments the 1H rf field was ramped from
90 to 100 % during the contact time. The recycle delay was set to
1.3 times the 1H build up time, TB,on. For variable contact time
CP, the experiments were acquired by varying the contact time
while keeping all the other experimental parameters unchanged.
Multiple-contact CP experiments were acquired using the pulse
scheme shown in Fig. 3A [25], with a recycle delay of 0.1 s, with
variable number of CP loops (L) and durations of the inter-CP delay
(sz), while all the other parameters are kept the same as in the
other CP experiments. For samples 3 to 5 a single rotor period syn-
chronized spin-echo is added prior to detection in order to mini-
mize baseline distortions. Further details are provided in SI.

Quantification. The quantification for solution NMR, single CP
and multiple-contact CP experiments is performed through the
integrals of the 1H (for solution NMR experiments) or 13C (for
MAS DNP NMR experiments) signals of interest using the following
expression [29]:

mx ¼ Ix
Is
� Ns

Nx
�Mx

Ms
� Ps �ms

where the subscripts x and s refer to the analyte and the standard,
respectively. m is the mass of the sample, I is the NMR integral, N is
the number of nuclei associated to a given signal, andM is the molar
mass. Ps is a factor which takes into account the purity of the stan-
dard, and, for samples 2 and 3, also the natural abundance of 13C
(assumed here to be 1.07%) [30] for the cases where the analytes
were 13C-labeled but not the standards.

The mass determined with solution NMR is an average value
from the signals shown in Figures S1 to S3. For sample 1 (and
therefore sample 4) the value is an average over three different
spectra, while for sample 3 the value is an average over two differ-
ent spectra.

For variable contact time CP (VCP) the integrals of interest are
plotted as a function of the contact time (for example as shown
in Fig. 2). The quantification is performed using the intercepts
epared from the same starting stock solution, and then separately diluted to obtain



Fig. 2. VCP plot for sample 1. The black and cyan dots indicate the integrals for the
calcium formate and the C4,5 imidazole resonances, respectively. The lines indicate
the linear regression, and q the intercepts with their respective error (the 95%
confidence interval). The points at 1 ms are excluded from the fit. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 3. (A) Multiple-contact DNP enhanced CP pulse scheme. (B) Multiple-contact
DNP enhanced CP spectrum of sample 1 acquired at 9.4 T, 8 kHz MAS, ~100 K, with
L = 5 and sz = 2*TB,on = 9 s (with a gyrotron mw source). N denotes the number of
nuclei associated with a given signal, while I is the corresponding integral. (C, D)
eqDNP of the multiple-contact CP experiment for samples 1 and 4 as a function of L
(C), and sz (D).
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obtained from the linear fitting of the data according to the follow-
ing expression:

mx ¼ qx

qs
� Ns

Nx
�Mx

Ms
� Ps �ms

where q refers to the intercept value, and the other parameters are
previously defined. Points corresponding to CP contact times
shorter than 10 ms are excluded from the fit.

For sample 5, the quantification is performed after a subtraction
procedure, as described in the SI.

Quantification errors in DNP MAS NMR (eqDNP) are obtained
from the masses of analyte determined in the DNP experiment
(mx,DNP) and in solution NMR (mx,sol) in the following way:

eqDNP ¼ mx;DNP �mx;sol

mx;sol
� 100%

and the uncertainty (u) of the errors are estimated in the follow-
ing way:

u ¼ mx;DNP

mx;sol
� Dmx;sol

mx;sol
� Dmx;DNP

mx;DNP

� �

where Dmx;sol represents the 95% confidence interval of the analyte
mass as determined from solution NMR, while Dmx;DNP is defined for
CP and multiple-contact CP as:

Dmx;DNP ¼ mx;DNP � 1
SNs

þ 1
SNx

� �

where SNs and SNx represent the signal to noise ratios of the stan-
dard and the analyte signal, respectively, while for VCP Dmx;DNP is
defined as

Dmx;DNP ¼ mx;DNP � Dqs

qs
� Dqx

qx

� �

where Dqs and Dqx represent the 95% confidence interval of the
intercept values. Further details are provided in the SI.
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Table 1
eqDNP (as defined in the experimental section) from DNP CP MAS experiments for
samples 1 to 4 for single CP experiments shown for different CP contact times. An
estimation of the uncertainty in the determined errors is provided in brackets for the
points at sCP = 10 ms. *For sample 4 the values are the averages over two different
measurements. More data points obtained from the variable contact time CP
measurements, are provided in SI (Tables S1, S3-S5).

sCP (ms) Sample 1 Sample 2 Sample 3 Sample 4*

10 +4 (5) % –32 (16) % +32 (12) % +6 (5) %
20 �5% �17% +51% �3%
30 �7% �25% +77% �8%
40 �12% �4% +68% �3%

Table 3
eqDNP (as defined in the experimental section) for sample 1 as a function of L and sz
(TB,on = 4.5 s). An estimation of the uncertainty of the determined errors for L = 5 is
also provided.

L sz (s) Error

5 9 +3 (3)%
5 9 +7 (7)%
10 9 �12%
20 2 +1%
20 4.5 �4%
20 9 0%
20 9 +1%
30 9 +3%

Table 4
eqDNP (as defined in the experimental section) for samples 1 to 4 as obtained with
multiple-contact CP, for L = 5 and sz = 2�TB,on. An estimation of the uncertainty is also
provided. *For samples 1 the value is the average over two different measurements.
**For sample 4 the value is the average over four different measurements.

Sample 1 Sample 2 Sample 3 Sample 4

A. Bertarello, P. Berruyer, U. Skantze et al. Journal of Magnetic Resonance 329 (2021) 107030
3. Results and discussion

3.1. Samples and general comments

Fig. 1 shows the composition of the samples used here for quan-
tification. All the samples are prepared from D2O solutions of the
standards and analytes, whose concentrations are verified by solu-
tion NMR. The frozen solutions are then analyzed in glycerol:D2O:
H2O 6:3:1v/v AMUPol 10 mM [27–28] for the DNP experiments. The
standards were chosen for the simplicity of their 1H and 13C spec-
tra, and the absence of overlap with the NMR signals of interest in
the analyte. Moreover, calcium formate is an established standard
for quantitative solution NMR [31]. Wnt-c59 is an inhibitor of the
PORCN pathway in human cells [32], and is representative of com-
pounds of pharmacological relevance. The quantification is per-
formed as described in the Experimental Section and in the SI.

Cross Polarization. Table 1 reports eqDNP, relative to the amount
of analyte determined with solution NMR, for samples 1 to 4, using
ramped CP with different contact times. The errors range from 5 to
77%, and it can be seen that CP provides quantification accurate to
less than 10% only for samples 1 and 4 (which are repeats with the
same composition). The performance is worse for sample 2, and is
completely unreliable for sample 3, for all the contact times used.
Therefore, not unexpectedly, a simple CP experiment should not be
considered generally applicable for quantification purposes in DNP
MAS NMR.

Variable contact time CP. In variable contact time CP (VCP), a
series of CP experiments with increasing contact times are
acquired. The integrals of the signals of interest are plotted as a
function of the contact time, and the quantification is performed
from the extrapolation of the integrals to zero contact time [19–
21]. An example is shown in Fig. 2 for sample 1. Typically points
corresponding to CP contact times shorter than 10 ms are excluded
from the fit since they are not yet in the linear regime. eqDNP for
samples 1 to 4 is reported in Table 2, together with the number
points used for the fitting. The results show that VCP, similarly to
single CP, does not provide reliable quantification for all the sam-
ples studied, and moreover that the quantification is subject to a
large uncertainty. The performance is only slightly affected by
the number of points used for the linear regression, as shown in
the case of sample 1. The lower number of points recorded might
partially explain the large error observed for samples 2 and 3,
but also sets a limit on the applicability of the approach in the case
of very dilute samples, where the simultaneous need for good sig-
Table 2
eqDNP (as defined in the experimental section) for samples 1 to 4 as obtained with variable
contact time CP (number of points in brackets). An estimation of the uncertainty of the d

Sample 1 (11 points) Sample 1 (4 points) Sample 2 (4

�1 (10) % +4 (14) % –32 (35) %

4

nal to noise ratios from longer experiments and a sufficiently high
number of points might lead to prohibitively long experimental
times.

Multiple-Contact Cross Polarization. In multiple- contact
cross polarization (Fig. 3A) the CP step is repeated several (L) times,
interleaved with delays (sz) during which the 13C magnetization is
stored along the z-axis, and during which the 1H magnetization
recovers to a near-equilibrium value [24,25]. Multiple CP has
already been shown to provide robust quantification in conven-
tional MAS NMR, where integral peak intensities of 13C signals usu-
ally show deviations not larger than 5% from the expected values
after few CP cycles [24]. Moreover, the sequence is quite robust
with respect to the choice of the different experimental parameters
[24]. Besides the calibration of the 1H and 13C pulses, and the opti-
mization of the CP conditions as in standard CP experiments, the
sequence only requires the choice of the sz period, which should
be on the order of 2�T1,H, and the number of loops, L, which should
be chosen large enough in order to provide effective saturation of
the transferred polarization during L�sz. It should also be pointed
out that, as already discussed [24], the CP contact time should be
adapted to the T1q,H of the different species, in order to avoid any
extensive differential relaxation of the signals which might reduce
the quantification performance of multiple CP. Fig. 3B shows the
13C multiple CP spectrum for sample 1, for L = 5 and sz = 2�TB,on,
where TB,on here refers to the 1H DNP build-up time. Table 3 shows
the quantification performance of the multiple CP experiment for
sample 1 as a function of different values of L and sz. It is evident
that, with the exception of two points, in all the other cases the
sequence provides a robust quantification performance, with
errors comprised between ± 5%, good reproducibility, and rela-
tively low uncertainty. These results are also summarized in Fig. 3-
C-D. Note that in Fig. 3C data for sample 4 are also reported. From
the analysis of these data is evident that, in order for multiple-
contact CP to provide reliable quantification, values of L = 5 and
sz = 2�TB,on are sufficient in the test samples. Table 4 shows the
etermined errors is also provided.

points) Sample 3 (5 points) Sample 4 (12 points)

+35 (56) % �1 (38) %

+5 (5) % �6 (11) % �7 (17) % +5 (4) %



Fig. 4. Portion of the DNP enhanced multiple-contact CP spectrum of sample 5 (A)
and sample 6 (B), acquired at 9.4 T, 8 kHz MAS, ~100 K, with L = 5 and sz = 2�TB,
on = 11.5 s and a klystron mw source. (C) Spectrum used for quantification and
obtained by subtracting (B) from (A), normalized by the liposomes signal marked
with the arrow. Fig. 5. Summary of the quantification performance in DNP enhanced MAS NMR for

conventional CP (with 10 and 30 ms contact time), variable contact time CP, and
multiple-contact CP (with L = 5 and sz = 2�TB,on), for samples 1 to 4.
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eqDNP obtained for all the four samples, using L = 5 and sz = 2�TB,on.
Multiple-contact CP appears to perform considerably better than
standard CP and VCP for all the four samples, with uncertainties
consistently lower than those estimated for VCP, and comparable
to those estimated for CP. Note also that for samples 1 and 4, which
share the same composition, the same quantification performance
is observed, supporting the reproducibility of the multiple-contact
CP approach.

Table 4 summarizes the performance of multiple-contact CP for
all four samples, and we again see that accurate quantification is
obtained in all four sample, with errors less than 7%.

Mixtures. The multiple-contact CP approach is also tested in a
more complex system, made up of a mixture of calcium formate
and imidazole together with a preparation of DPPC/DPPS 98:2w/w

liposomes (sample 5), in a ~ 2:1:0.2:0.01 molar ratio between cal-
cium formate, imidazole, DPPC and DPPS. In the DNP enhanced
multiple-contact CP spectrum of sample 5 (shown in Fig. 4A) the
signal of calcium formate at ~ 170 ppm overlaps with signals aris-
ing from the liposome background, disabling the possibility of
quantification. In order to remove the signal arising from the back-
ground, the DNP enhanced multiple-contact CP spectrum of the
liposomes alone was acquired under the same conditions (sample
6, shown in Fig. 4B) and is subtracted from the spectrum of sample
5 by normalizing the intensity of both spectra to the signal
at ~ 60 ppm (marked by an arrow in A-B), which arises only from
the Cg, Ca, Cb, Cc resonances of the liposomes. The resulting spec-
trum (shown in Fig. 4C), which eliminates the liposomes back-
ground, allows the quantification of the imidazole content in the
sample, using the calcium formate as a standard, with eqDNP com-
prised between �2 and �6% (more details are provided in the SI).
4. Conclusion

We have investigated the possibility to perform quantitative
MAS DNP NMR using an internal standard. Three different
approaches, namely CP, variable contact time CP, and multiple-
contact CP, have been tested on simple mixtures containing a stan-
dard and an analyte in known amounts, in glycerol/DMSO water
solutions and using AMUPol as the polarizing agent. In analogy
to results from conventional solid-state NMR [24], as well as the
performance in other DNP enhanced applications [13,26],
multiple-contact CP is found to provide the best performance for
5

quantitative DNP, with absolute errors in quantification usually
less than 10%, and, as summarized in Fig. 5 for the cases here,
appears to be the most robust, reproducible, efficient and accurate
approach even in complex mixtures. While here we have analyzed
relatively simple systems characterized by uniform enhancements
between the analyte and the standard, we speculate that the quan-
tification approach will be still applicable in more complex sam-
ples characterized by non-uniform enhancements, by dividing
the corresponding integrals by their steady-state enhancements.
We are currently investigating this aspect further. We would also
like to mention that, as already extensively discussed [24], T1,H,
T1,C, and T1q,H times of the analyzed species are critical factors,
and the experimental parameters must be chosen accordingly for
accurate quantification. In the case of very different relaxation
times between the standard and the analyte the quantification
might be less accurate or even rendered impractical (e.g. for T1q,H
values when one of the signals of interest is a methyl group, or if
there are specific interactions with the paramagnetic polarization
source used for DNP).

We suggest that this simple and rapid high-sensitivity approach
will provide a reliable tool for quantification of analytes in MAS
DNP NMR.
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