Downloaded viaMASARYK UNIV on May 13, 2024 at 12:16:07 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

[ |
CNEMISEYY ..o i com 2016 90, 3009-3550

pubs.acs.org/ac

Dynamic Nuclear Polarization Opens New Perspectives for NMR
Spectroscopy in Analytical Chemistry

Dynamic nuclear polarization (DNP) can boost sensitivity in nuclear magnetic resonance (NMR)
experiments by several orders of magnitude. This Feature illustrates how the coupling of DNP with
both liquid- and solid-state NMR spectroscopy has the potential to considerably extend the range of
applications of NMR in analytical chemistry.
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pharmaceutical and natural-product sciences, complex mixture
analysis, structural biology, and material sciences.

NMR spectroscopy is potentially highly informative because it
allows one to investigate compounds at an atomic-level,
providing both structure and dynamics information. It is well
recognized as a quantitative tool since the detected signal is
directly proportional to the number of resonating nuclei, but the

sitivity Enhanc major drawback of NMR is its intrinsic low sensitivity. The
minimal accessible concentration in solution is in the micromolar
range for 'H experiments at high field.

The sensitivity of NMR has been considerably improved with
the increase of the magnetic field strength and, for solutions, with
the advent of cryogenically cooled probes.' However, increasing
the magnetic field is not straightforward and comes with high
equipment costs. For solids, higher spinning frequencies have
also improved the sensitivity allowing proton detected experi-
ments under fast magic angle spinning (MAS) NMR.>’
However, the sensitivity of conventional NMR remains a
\ limitation for many systems of interest.

‘ The field of NMR is experiencing a major paradigm shift, with
the advent of “hyperpolarization” techniques capable of
producing nuclear spin polarization far beyond thermal
equilibrium values and thus increasing the sensitivity by orders
of magnitude, resulting in dramatic signal enhancements. The

Dr. Bertrand Plainchont different hyperpolarization approaches that have been developed
rely on spin-exchange optical pumping of noble gases (SEOP),"

uclear magnetic resonance (NMR) spectroscopy is a on the use of para-hydrogen induced polarization (PHIP), of
N chemically induced dynamic nuclear polarization (CIDNP),’ but
dynamic nuclear polarization (DNP)” is probably the most
general and efficient method in the hyperpolarization family. On
the basis of the transfer of polarization from electrons to nuclei
through microwave irradiation in a magnetic field, DNP has
molecules to larger systems like proteins can be studied by NMR shown great potential to boost the sensitivity of both solid-state
in a broad variety of samples in the liquid or solid state and even and liquid-state NMR detection, opening a broad array of
in vivo. The applications of NMR spectroscopy encompass highly
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central tool in a broad range of analytical processes thanks
to its high versatility, its nondestructive character, and its ability
to provide both structural and quantitative information with a

high level of confidence. Analytes ranging from small organic
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applications that were not accessible to NMR so far for sensitivity
reasons.

The purpose of this Feature article is to make accessible the
different aspects of DNP NMR for a broad audience of chemists.
The general concepts of DNP are briefly introduced, followed by
a section dedicated to its practical implementation, including
hardware and sample preparation aspects, and focusing on its use
as an analytical tool. For advanced readers, an additional section
is dedicated to the most recent methodological developments in
this constantly growing field. The last section is devoted to an
overview of recent applications in the field of analytical
chemistry. Notably we illustrate how DNP has made it possible
to observe signals that could not be observed with conventional
NMR, giving access to essential structural information. A
selection of promising results obtained on challenging systems
illustrates that recent and future methodological developments
could pave a way to new fields of research and application.

B PRINCIPLES OF DNP

NMR Sensitivity. NMR has a low intrinsic sensitivity leading
sometimes to unreasonably lengthy measurement times for low
concentrated samples. This poor sensitivity is mainly due to a
poor nuclear spin polarization in the magnetic field. This nuclear
spin polarization can be seen in the case of a spin 1/2 either
classically as the nuclear spin alignment along the magnetic field
or quantum mechanically as a normalized difference in
population between the spin states. The important feature of
this polarization is that it is generally determined by a Boltzmann
law at thermal equilibrium, giving

yhB, )
2kyT (1)
where y is the gyromagnetic ratio of the spin, 7 is the reduced
Planck constant, B, is the external magnetic field, ky is the
Boltzmann constant, and T is the temperature.

The NMR sensitivity is directly proportional to this polar-
ization, and unfortunately this polarization is very small at
conventional NMR conditions. Figure 1 represents in blue the
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Figure 1. Electron (green) and 'H (blue) spin polarization as a function
of temperature, for magnetic fields of By = 3.4 T (dotted lines), 9.4 T
(dashed lines), and 14.1 T (solid lines). The red vertical lines indicate
temperatures of 1.4 and 100 K.

nuclear spin polarization of protons for different typical
operating magnetic fields. At an operating field of 14.1 T
(corresponding to a middle-range NMR spectrometer), the
nuclear spin polarization is only 0.000008 at 300 K for protons.
The situation is even worse for nuclei with a lower gyromagnetic
ratio. For example the '*C nuclear spin polarization falls at
0.000002 at 14.1 T and 300 K.
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From an analytical point of view, sensitivity becomes crucial
when in some cases the desired information remains below the
limit of detection. NMR experiments are generally repeated n
times, until the signal-to-noise (S/N) ratio reaches a satisfactory
value. This S/N ratio unfortunately only grows with </, n being
the number of repetitions of the experiment. In general, several
seconds are typically needed between each scan to let the nuclear
spin population relax to its equilibrium, which can lead to
prohibitive acquisition durations, especially for low abundant
and/or low gyromagnetic ratio (low-y) nuclear spins. One may
argue that infinitesimal concentrations could in principle be
detected with increasingly long experimental times, but practical
considerations evidently limit the overall durations of the NMR
experiments to a few hours or a few days at most.

While eq 1 tells us that NMR sensitivity gets increased to a
certain extent by applying higher external magnetic fields or
lower experimental temperatures, even at the highest actual
available magnetic field of 23.5 T the spin polarization of protons
is only 0.000013 at 300 K.

Concept of DNP. The concept of DNP is almost as old as
NMR since it was originally proposed by Overhauser in 1953.”
He predicted that the NMR signal could be enhanced in metals
by saturating the electron spin transitions of its conduction
electrons. This hypothesis was then verified experimentally by
Carver and Slichter on metallic lithium.®

The basic principle is that the higher level of polarization of the
electron spins can be transferred to the surrounding nuclear spins
upon microwave irradiation at (or near) the electron para-
magnetic resonance (EPR) transitions. Figure 1 shows how the
electron spin polarization is significantly higher than the one of
the nuclear spins, reaching about 0.03 at 14.1 T and 300 K and
almost unity at lower temperatures.

The DNP phenomenon exists in solids and in liquids. Four
main different mechanisms (depending on the experimental
conditions) can account for the DNP effect, namely, the
Overhauser effect (OE), the solid effect (SE), the cross effect
(CE), and the thermal mixing (TM). A detailed demonstration
of these mechanisms is out of the scope of this Feature article; for
more details the reader is invited to refer to excellent DNP
reviews.” " In solids, these DNP mechanisms usually strongly
rely on nuclear spin diffusion; indeed, in a first step the transfer of
polarization occurs from the electron spins to the nearby core
nuclear spins, and in a second step, nuclear spin diffusion
propagates this polarization further away toward the bulk nuclear
spins.

B IMPLEMENTATION OF DNP NMR

Experimental Approaches to DNP NMR. DNP-MAS. For 2
decades, the practical implementation of DNP had been limited
to high-energy physics applications.'> In the 80s, DNP has been
increasingly used in static solid-state NMR experiments, for
example, for the characterization of diamonds or coals,” but it is
only in the 90s that the Griffin group demonstrated how DNP
could truly become a beneficial technique for NMR by
implementing it under MAS conditions.'”"> Since then,
considerable technological improvements have led DNP-MAS
to become a mature technique. In 2009 Bruker Biospin released
the first commercial version of the instrument, working at a field
of 9.4 T. DNP-MAS is nowadays routinely performed at fields up
to 14.1 and 18.8 T.

In practice, DNP-MAS is performed in an NMR probe with
MAS capabilities that (i) can be cooled down to ~100 K and that
(ii) is equipped with a waveguide and beam launcher enabling
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Figure 2. Schematic representation of experimental systems for (a) DNP-MAS NMR consisting of a gyrotron microwave source (gyrotron tube in red),
amicrowave transmission line (cyan), and an NMR spectrometer equipped with a low-temperature MAS probe (green) and (b) dissolution DNP NMR
consisting in a cryostat (DNP polarizer), a transfer line with a magnetic tunnel, and an NMR spectrometer equipped with a liquid probe. The figure is
reprinted with permission from ref 29 (Copyright 2016 Elsevier) and adapted in part from ref 20 (Copyright 2015 American Institute of Physics).

microwave irradiation of the sample under MAS conditions. The
continuous wave irradiation is generated by an external gyrotron
whose frequency is close to the electron spin resonance
frequency in the magnet where the NMR experiment is
performed. The microwave irradiation travels through a
corrugated waveguide coupled to the NMR probe as can be
seen on Figure 2a. The sample placed in the low-temperature
MAS probe rotates about the magic angle at about 10—40 kHz
(depending on the probe performances) and the typical
operating temperature is 90—110 K.'' Additional accessories
for temperature and microwave control are included in the
experimental setting. The in situ character of this experimental
setting makes it compatible with most conventional solid-state
NMR experiments. In particular, the approach is fully compatible
with 2D NMR spectroscopy. However, the applicability of DNP-
MAS may be limited by resolution losses caused by line
broadening.

Dissolution DNP. For the study of liquid-state samples, the
most popular method is dissolution DNP (d-DNP) that has been
proposed in 2003 by Ardenkjaer-Larsen et al.'® The apparatus
used to perform d-DNP is presented in Figure 2b. The sample is
placed in the DNP polarizer that consists mainly in a magnet, a
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cryostat, and a microwave source so that the DNP part of the
experiment is first performed in the solid state at a relatively low
external magnetic field (between 3 and 7 T'°™"°) and at a low
temperature (between 1.2 and 4.2 K). Under such conditions,
the spin polarization of the electron spins approaches unity. DNP
is performed with low power microwave irradiation (typically
100 mW) on frozen samples that are subsequently rapidly melted
and dissolved in a superheated solvent (generally water) by a
dissolution device. The hyperpolarized liquid sample is then
transferred either manually or automatically through a capillary
ideally enclosed in a magnetic “tunnel” to minimize the losses of
hyperpolarization.”® The capillary can be connected to an
injection device that either fills the NMR tube placed in an NMR
magnet, or injects the solution in a phantom or living animal
placed in an MRI scanner. Finally in both cases a liquid-state
detection is performed. An additional multisample system has
been proposed by Batel et al.”' to perform a series of
experiments.

In regards the solid-state part of this two-magnet approach, the
transfer of polarization from electrons to nuclei other that 'H can
be done either directly or mediated by 'H. The direct
polarization approach suffers from long buildup times when
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Figure 3. Chemical structures of radicals commonly used in DNP NMR experiments.

working with low-y nuclei. By transferring polarization from the
electron spins to protons, followed by cross-polarization (CP) to
low-y nuclei, the DNP process can be greatly accelerated, leading
to dilgtzezssamples and to higher levels of polarization in shorter

The d-DNP experiment has the advantage that the sensitivity
enhancement not only comes from the DNP process itself but
also from the temperature jump between polarization and
detection. However, the main drawback of d-DNP is that, once in
the solution state, the hyperpolarization decays with the nuclear
spin—lattice relaxation time T of the nuclear spins of interest.
The DNP enhancement is thus available for a time on the order
of a few seconds to minutes for nuclei with longer relaxation
times. Therefore, the dissolution and transfer speeds are critical
factors impacting the final sensitivity. In addition, the irreversible
dissolution process makes d-DNP a single-shot technique that is
not compatible with conventional 2D NMR experiments.

A d-DNP setting (HyperSense) is commercially available since
2005 from Oxford Instruments, and General Electrics launched
in 2011 a system (SpinLab) that yields sterile samples and is
adapted to clinical applications. The vast majority of the studies
involving d-DNP have been in the field of preclinical and more
recently clinical imaging”* while applications to analytical
chemistry have been more limited.

Other approaches have been considered to obtain solutions
hyperpolarized by DNP, with the aim of enabling multishot
experiments. For example, Joo et al. pro;posed the implementa-
tion of in situ liquid-state DNP at 90 K.** In this case the sample
is melted thanks to a laser pulse and can be refrozen thereafter.
There is no additional dilution and no transfer of the sample and
the experiment can be recycled, making it compatible with
multidimensional experiments. More recently a similar in situ
rapid melt approach has been described by Sharma et al. by using
hot nitrogen instead of laser pulses.”® Other approaches relying
on sample shuttle DNP with a dual center magnet”’ or in situ
temperature-jump DNP*® have also been described in the
literature.

Concerning the study of liquid samples, some research groups
have also considered performing DNP directly in the liquid state
either in situ’’”*’ or with a two-field shuttle DNP
spectrometer.34 The instrumentation is more demanding and
the polarization transfer is much less efficient compared to DNP
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in the solid state. This part of the DNP area is still at the
exploration stage in particular at high magnetic fields. Thus, there
are not yet applications in the field of analytical chemistry.

Sample Preparation. When attempting to perform DNP
experiments, particular care is needed with respect to the sample
preparation. The sample needs to be doped with unpaired
electrons that are used as polarizing agents. In general, these
polarizing agents are stable free radicals that are simply added to
the analytes, often dissolved in a glass forming solvent mixture
upon freezing. It is usually critical that the radical solution forms a
homogeneous glass upon freezing (and not ice crystals) to ensure
a statistical distribution of the polarizing agents and avoid their
aggregation. A homogeneous glassy DNP sample quasi-system-
atically leads to a best DNP efficiency. Experimentally, the
polarizing agents are generally dissolved in an aqueous matrix
D,0/H,0 with a cryo-protectant such as glycerol-dg or DMSO-
de ;39 alternatively, organic solvents such as tetrachloroethane can
also be used.*® Depending on the nature of the analytes, the latter
can be dissolved in the radical solution™ or impregnated to
preserve the structure of the solid sample.””

Figure 3 shows some examples of commonly used
radicals.”®™*" The typical concentration ranges from 5 to 50
mM, and the choice of the radical depends on various factors
such as its performances in a given condition or in a particular
solvent. The synthesis of effective polarizing agents has focused
an important attention and the field is constantly under
development.””~** Optimized polarizing agents for higher
magnetic field (>18.8 T)** is an important field of future
development for DNP-MAS as the performance of current
polarizing systems strongly decreases at higher magnetic field.

DNP Efficiency: Enhancement Factor. The DNP
efficiency can be described by a polarization enhancement factor
€ that is equal to the polarization attained with DNP (Ppyp)
divided by the thermal equilibrium polarization (Prg):

_ Ponp

)

PTE

In the solid state with a static sample, ¢ is theoretically limited
to the ratio of polarizations between the electron spin S and the
nuclear spin I, which, in the high temperature approximation, is
simply the ratio of the gyromagnetic ratios:
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In static conditions, this DNP enhancement factor is limited to
660 for protons and 2615 for '*C when the thermal equilibrium
signal is measured in the same conditions as where DNP is
performed. Under MAS conditions, the nuclei can be in a
depolarized state in the absence of microwave irradiation leading
to an apparent greater & than the maximum theoretically
attainable in static conditions.***’

In the case of d-DNP, the enhancement factor can reach high
values because the sample undergoes a temperature jump from
liquid-helium temperature to room temperature as well as
potentially a magnetic field change. In practice, the d-DNP
method can therefore lead to spectacular observed signal
enhancements up to 50000.”°° However, the gain in sensitivity
cannot only be limited to the sole evaluation of € that does not
take into account the many factors influencing the performance
of hyperpolarization.

B RECENT METHODOLOGICAL DEVELOPMENTS IN
DNP NMR

This section will be of interest for advanced readers who would
like to have more details on the most recent methodological
advances in DNP-NMR.

Developments in DNP-MAS NMR. Ultralow-Temper-
ature DNP-MAS. Currently, DNP-MAS NMR experiments are
mainly performed at sample temperatures of about 100 K, using
cold nitrogen gas to pneumatically spin and cool the sample. Lee
et al. recently showed how cryogenic helium gas could be used to
reach stable and fast spinning for sample temperatures down to
30 K using a home-built cryostat.’’ On model systems under
classical DNP-MAS NMR conditions at 9.4 T and 110 K, 'H
DNP enhancements of ~300 are commonly reached. When
decreasing the temperature at 55 K, enhancements of ~680 are
observed for protons. In another publication by Thurber et al,,
the authors reported enhancement factors for cross-polarized
13C NMR signals in the 100—200 range with DNP at 25 K.>

High-Temperature DNP-MAS. On the contrary, others have
been interested to perform DNP-MAS at a higher temperature.
Low-temperature DNP-MAS prevents the massive adoption of
DNP-MAS for protein structural studies as these biomolecules
usually exhibit broad unresolved signals at temperatures around
100 K. In 2012, Oschkinat and co-workers have obtained an
improved resolution of a deuterated SH3 sample hyperpolarized
with a TOTAPOL solution with an enhancement of about 10 at
180 K.*? Later, Lelli et al. discovered that TEKPOL dissolved in
orthoterphenyl allows one to maintain high DNP enhancements
at high temperature.”* The authors reported a 'H enhancement
of 80 at 240 K and 15 at room temperature. It was attributed to
the relatively high glass transition temperature (T, = 243 K) of
orthoterphenyl. It allowed them to study the dynamics of
Ambroxol and Ibuprofen.

Very Fast MAS DNP. In 2015, Chaudhari et al. reported the
first results with a DNP-MAS probe using a 1.3 mm rotor. At
approximately 110 K, the authors were able to reach a sample
spinning frequency of up to 40 kHz, far over the MAS rate of 15
kHz obtain with the 3.2 mm rotor typically used for DNP-
MAS.>®> They reported that the DNP enhancement for
AMUPOL quickly increases when increasing the MAS frequency
and then stabilizes at its maximum value. Later, they studied the
MAS dependence of BDPA dissolved in orthoterphenyl and
obtained the highest known enhancement of over 100 when
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working at high field (18.8 T) and 40 kHz MAS rate.”® This
achievement was made possible through the unexpected
discovery that enhancement factors of BDPA increase rapidly
with increasing MAS rates. The authors proposed a theoretical
description by a source-sink spin diffusion model for polarization
transfer that is capable of explaining the experimental
observations.

Solvent Suppression Methods. Under DNP-MAS conditions,
the addition of solvated radicals to the sample yields NMR
spectra that may present large solvent signals and that can
obscure 'H or "*C signals of interest from the analyte. Yarava et
al. introduced two methods to suppress the solvent signals
depending on the sample preparation.”” A method based on
relaxation filters led to efficient solvent suppression with minimal
signal losses for impregnated powders. In the case of
homogeneous frozen solutions, short cross-polarization contact
times can be used to eliminate solvent signals. In parallel, Lee et
al. proposed two methods for solvent suppression named forced
echo dephasing experiment (FEDex) and transfer of populations
in double resonance echo dephasing (TRAPDORED) that both
work through the reintroduction of the heteronuclear dipolar
interactions between '3C spins from the DNP solvent.”® The
utility of these methods has been demonstrated for analytes in
frozen solution as well as in powdered form.

Developments in d-DNP NMR. Accelerating Sample
Transfer after Dissolution. In the quest to make the method
accessible to nuclei with shorter relaxation times, hardware
optimization plays a crucial role. After dissolution, the transfer of
the liquid sample to the magnet dedicated to the experiment
must be as fast as possible. Complex sample motions such as
convection or gas bubbles due to fast injection have to be taken
into account because they are not only detrimental to signal line
widths but also to the implementation of gradient-based spatial
encoding experiments. A strategy proposed by Bowen et al. is to
maintain a high gas pressure on the liquid sample durin
acquisition by using a multiport valve and a loop for injection.”
Another approach is to perform sample delivery by a high-
pressure liquid. Chen et al. have demonstrated that this flow
injection Jprocess shows better performance than a gas-driven
injection.”

Coupling with Ultrafast 2D NMR. One of the main
limitations of d-DNP is its single-scan nature arising from its
irreversible character. Conventional 2D NMR experiments
cannot be performed with d-DNP enhanced polarization, except
in specific cases where a small-angle excitation can be
employed.”’ Among the methods that have been introduced
for fast multidimensional NMR, the ultrafast (UF) 2D NMR is
one general approach compatible with d-DNP experiments as
demonstrated by Frydman and co-workers.**> UF 2D NMR
relies on a spatial encoding of NMR interactions thanks to a
combination of chirp pulses with magnetic field gradients,
followed by an acquisition performed with an echo planar
spectroscopic imaging scheme. UF 2D NMR makes it possible to
collect a 2D data set in a single scan, thus providing an appealing
solution to the irreversibility of d-DNP. Recently, the ultrafast 2D
NMR methodology has been adapted by Guduff et al. to record
BC diffusion-ordered NMR spectroscopy (DOSY) experiments
from DNP hyperpolarized samples within a single scan.”* DOSY
are collected in a single scan by spatial parallelization, in which
different virtual slices undergo different diffusional attenuations.

Hyperpolarized Solution Purity. In some applications of d-
DNP, the issue of the presence of free radicals in solution is
raised. For example in the study of proteins, one may prevent any
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Figure 4. (upper) *C CPMAS SSNMR spectra of a living PS sample (M,, = 13 500 g mol™") obtained (a) without or (b) with DNP (at 285 and 105 K,
respectively). The sample in part b was doped with 0.5 wt % bCTbK. In both cases 26 624 scans were used (~15 h), and intensity scales are identical.
(lower) "*C DNP CPMAS SSNMR spectra of an acrylate-terminated PEO sample (M, = 35 000 g mol™") obtained before (c) and after (d) the 1,2
intermolecular radical addition with MAMA-SG1. In both cases, 0.5 wt % bCTbK and 1600 scans were used (~13 h). In part d, NMR signals due to both
the acrylate PEO and the living PEO samples can be observed, implying that the reaction was not complete. The figure and caption are reproduced from

ref 83 (Copyright 2013 American Chemical Society).

interaction having a potential side effect. For in vivo MRI
experiments, the presence of additional products in the injected
solution is obviously undesirable. To obtain solution purity,
some methods depending on the nature of the radicals have been
proposed to eliminate the radicals by precipitation followed by
ﬁltratlon,“_67 by solvent extraction,”® or by chemical quench-
1ng ® More recently, Gajan et al. have shown the high polarizing
efficiency at very low temperatures (1.2 and 4.2 K) of hybrid
polarizing solids (HYPSOs), a family of hybrid organosilica
materials in which radicals are covalently linked to the pore
channels and homogeneously randomly distributed in the
mesostructured silica matrix.”’ After polarization, radical-free
hyperpolarized solutions can be easily obtained by physical
retention during dissolution.

Sustaining Hyperpolarization in Solution. A way to prolong
the lifetime of the hyperpolarization in solution is to use the so-
called long-lived states’' (LLS) that are nuclear spin
configurations delocalized on two or more coupled spins. LLS
have unusually long relaxation times that make it possible to
benefit from hyperpolarization for NMR experiments in a
relatively longer amount of time after the dissolution step. In
2009, Vasos and co-workers demonstrated on the dipeptide Ala-
Gly that the lifetime of the LLS involving the two nonequivalent
Ha protons of glycine was seven times longer than their spin—
lattice relaxation time constant.”” Examples of NMR applications
of LLS in association with d-DNP are presented in the following
section.

Toward Transportable Hyperpolarization. In a recent
publication, Ji et al. have described a method that extends the
hyperpolarization lifetime before dissolution and enables the
transportation of hyperpolarized samples.”* The hyperpolariza-
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tion can be stored in a frozen state during several hours and the
sample analyzed at remote NMR or MRI sites. Hyperpolarized
samples of alanine and glycine have been stored during 16 h and
enhancement factors up to 1700 were measured after dissolution.

B RECENT EXAMPLES OF DNP NMR SPECTROSCOPY
APPLICATIONS

Thanks to the aforementioned developments, DNP-NMR has
reached a significant level of maturity, thus paving the way toward
a broad range of applications. Some of the most recent are
mentioned below, focusing on those which we believe could have
a strong impact in the field of analytical chemistry.

Applications of DNP in MAS NMR. The pioneering
applications of DNP in the solid state were mostly devoted to
structural biology. Recently, new biological insights were
obtained on highly complex systems like HIV-1 virus capsids,”*
needle-like structures from bacterial secretion systems,”
cell proteins.”®

In the analytical chemistry context, DNP allows to probe the
surface of materials, giving access to surface species otherwise
diluted in bulk spectra. DNP-NMR is particularly useful when
the amorphous nature of the sample prohibits the use of
diffraction-based methods. DNP-NMR also gives access to
information that is not accessible by NMR alone because of the
low concentration, low abundance, or low-y or in the case of
quadrupolar nuclei.

Surface Probing of Materials. In 2010, the DNP surface
enhanced NMR spectroscopy (DNP-SENS) technique was
introduced to selectively probe the surface or surface-bound
species of materials.”””” For example, surface—metal interactions
were found between an Ir(I) hydrogenation catalysts anchored

or in-
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permission from ref 86 (Copyright 2015 American Chemical Society).

on a silica surface and are believed to be an explanation for the
difference of catalytic activity between the supported Ir(I)
catalyst and its molecular analogue.”®

DNP-SENS has been used for the description of reaction
intermediates for supported metathesis catalysts. Ong et al.
showed that isotopic labeling and DNP SENS allow the direct
determination of the bond connectivity and the measurement of
the carbon—carbon bond distances in metallacycles, which are
the cycloaddition intermediates in the alkene metathesis catalytic
cycle.”” In this case, the observation of *C correlations in 2D
refocused INADEQUATE and 2D homonuclear dipolar
recoupling POSTC7 experiments highlighted that DNP could
help understanding the slow initiation and deactivation steps in
the heterogeneous metathesis catalysts.

More recently, it has been demonstrated that DNP-SENS can
be used to obtain the tridimensional structure of organometallic
complexes anchored to surfaces.”” Rotational echo double
resonance (REDOR) experiments were performed and used in
combination with extended X-ray absorption fine structure
(EXAFS).

Aluminas are highly used as catalysts or catalyst supports in
industry. Lee et al. have used MAS NMR to selectively probe on
the one hand the bulk of y-alumina nanoparticles and on the
other hand their surface thanks to DNP.”" The authors have
shown that there were no detectable hydroxyl groups in the bulk
of the material and demonstrated by multiple-quantum magic
angle spinning (MQMAS) that pentacoordinated AI** ions are
only observed in the first surface layer.

Heterogeneous solid Brensted catalysts are other examples
with industrial relevance. Perras et al. have studied Bronsted acid
sites at the surface of oxide materials at natural abundance by 7O
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DNP SENS.*” 0 is a quadrupolar nucleus (spin-5/2) and has
an extremely low natural abundance of 0.038%. The authors
directly probed the Bronsted acidity of surface hydroxyls in silica
and silica—alumina materials. '’O spectra with 'H decoupling
have been acquired using the PRESTO-QCPMG technique
(phase-shifted recoupling effects a smooth transfer of polar-
ization quadrupolar Carr—Purcell-Meiboom—Gill). Addition-
ally, O—H bond lengths have been measured with subpicometer
precision giving a direct structural gauge of the lability of protons.

Structure Elucidation. Polymers are challenging because
chain ends give intrinsically diluted NMR signals that are not
detected by conventional MAS NMR. Ouari et al. demonstrated
that DNP permits the detection and precise structural
elucidation of chain ends that are essential to control polymer
reactivity.”> They have studied two examples of synthetic
functional polymers, living polystyrene (PS) and poly(ethylene
oxide) (PEQ) samples obtained via NMP and 1,2-intermolecular
radical addition, respectively, in the presence of the MAMA-SG1
initiator. The *C spectra in Figure 4a,b give an estimation of the
sensitivity gain achieved by DNP by comparing the S/N ratio of
the two spectra. For the signal at 128 ppm, the sensitivity gain is
approximately 13. As a consequence, this spectrum was obtained
in 15 h. Without DNP the same spectrum would require signal
accumulation for more than 100 days. The *C spectra in Figure
4c,d reveal the presence of chain end signals that enable
verification of polymer functionalization. The signals of the
acrylate PEO precursor in Figure 4d reveal that the reaction was
not complete.

The success of structure characterization of polymorphs of
molecules is usually based on ab initio crystal structure prediction
(CSP), infrared spectroscopy, and powder X-ray diffraction
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(PXRD) that are currently used to characterize organic powders,
but they only provide partial details on atomic and molecular
structure. In a recent study, Pinon et al. used DNP-MAS NMR to
record 'H-"3C and 'H-"N HETCOR, and *C—-!3C INAD-
EQUATE spectra obtained at natural isotopic abundance in
reasonable times.** In this example, the structure of three
polymorphs and one hydrated form of the asthma drug molecule
theophylline were elucidated.

Rossini et al. demonstrated the application of DNP to the
atomic-level characterization of active pharmaceutical ingre-
dients (API) in commercial pharmaceutical formulations by the
impregnation method.®> The gently ground tablets were
impregnated with solutions containing biradical polarizing
agents, and all liquids were chosen so that the API was minimally
perturbed. The authors studied four different commercial
formulations of the antihistamine drug cetirizine dihydrochloride
(between 4.8 and 8.7 wt % API). DNP allowed the rapid
acquisition of 1D and 2D *C and "N MAS NMR spectra of the
formulations at natural isotopic abundance while preserving the
microstructure of the API particles. Signal enhancements
between 40 and 90 were observed at 105 K. In addition, API—
excipient interactions were observed in 'H—"*N correlation
spectra, revealing direct contacts between povidone and the APL

A new exciting application is the crystal structure determi-
nation of molecular assemblies by means of DNP-enhanced
NMR crystallography. Mirker et al. completed the entire de novo
3C and N resonance assignment at natural abundance of a 2'-
deoxyguanosine derivative (Figure Sa) presenting two different
molecules in the asymmetric crystallographic unit cell.* DNP-
MAS NMR correlation experiments with high spectral resolution
led to an unambiguous assignment of both conformers that was
globally in agreement with previously published results based on
theoretical calculations. A DNP enhancement of a factor 11 was
observed in 1D spectra (Figure Sb,c). A 2D through-bond
BC-BC INADEQUATE spectrum was recorded for *C
assignment, and a 2D ISN—13C double CP based heteronuclear
correlation experiment (Figure 5d) was recorded for "N
assignment.

Mirker et al. studied the 3D structure of self-assembled cyclic
diphenylalanine peptides at natural abundance.”” Aromatic
interactions between the phenyl rings are the main driving
forces in self-assembly, with both parallel and perpendicular 7-
stacking occurring. The authors used dipolar recoupling pulse
sequence S; and [S;] which facilitate the recoupling of carbons
with large chemical shift anisotropy, such as carbonyl and
aromatic carbons. They detected and measured long-range *C
internuclear distances up to approximately 7 A. This example
highlights that DNP-MAS NMR is a powerful tool for the
analysis of one of the most important noncovalent interactions
by observing 7-stacking through *C—'2C correlation spectra.

Exotic nuclei. Kobayashi et al. demonstrated the acquisition of
9Pt spectra with spectral widths reaching ~10000 ppm by
combining DNP enhancement with broadband cross-polar-
ization and CPMG detection.”® They characterized the
coordination of atomic Pt species supported within the pores
of metal—organic frameworks (MOFs). The spectra served to
separate signals from cis- and trans-coordinated atomic Pt*"
species supported on the UiO-66-NH, MOF. Additionally, the
data revealed the dominance of kinetic effects in the formation of
Pt** complexes and the thermodynamic effects in their reduction
to nanoparticles.
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Kobayashi et al. also used DNP to enhance the wide-line >*’Pb
solid-state NMR spectra of lead white pigment.*” DNP allowed
one to detect the formation of a lead soap which is a degradation
product implicated in the deterioration of lead-based oil
paintings. The existence of two Pb sites was shown,
corresponding to the carbonate and hydroxide layers.

Applications of d-DNP in Liquid NMR. Dissolution DNP
has reached a lower level of maturity in terms of applications to
chemistry. d-DNP has opened many perspectives in preclinical
imaging, which represent the vast majority of its applications at
the time of writing.”””" While these applications are out of the
scope of this review, several recent studies have also highlighted
the great potential of d-DNP in analytical chemistry, as described
in the following paragraphs.

Protein—Ligand Interaction. In the study of protein—ligand
interactions, the classical water-ligand observed via gradient
spectroscopy (water-LOGSY) experiment, involving saturation
of bulk H,O and transfer to bound ligands, suffers from low
sensitivity and false-positives caused by aggregated or denatured
proteins. Chappuis et al. showed that sensitivity could be boosted
by injecting hyperpolarized water into solutions of proteins and
ligands.”” Additionally, with this method the integrity of the
protein can be verified, and false positives due to nonspecific
binding to aggregated proteins can be discarded.

Min et al. demonstrated the observation of the transfer of spin
polarization from hyperpolarized ligands to protein on the
example of benzamidine with the serine protease trypsin.”® This
effect can be used for screening in drug discovery and is an
alternative to the widely used saturation transfer difference
(STD) NMR experiment. Classical methods like STD, involving
selective saturation of target protons and relying on spin diffusion
to propagate saturation to bound ligands, are limited by their low
sensitivity because the target protein, and in some case the ligand,
are difficult to obtain or suffer from a low solubility. In this type of
application, d-DNP has the advantage to help override the
sensitivity issue.

Buratto et al. proposed a technique for drug screening using
LLS.”* In this application, after the dissolution process, the
hyperpolarization could be converted into LLS and the contrast
between the lifetimes of the LLS of the bound and free forms was
exploited.

Reaction Monitoring. A challenging task in the study of
(bio)chemical reactions is the characterization of intermediate
species that form as the reaction occurs. Since these species are
often short-lived and low-concentrated, they are difficult to
detect and enhancing the sensitivity of NMR detection through
d-DNP can be an efficient alternative in this field. Several
examples, mainly in the case of *C NMR, showed that in
addition to providing insights into reaction mechanisms, this
strategy also gives access to kinetic information.

For instance, Lee et al. demonstrated a strategy using d-DNP
to detect intermediate species during the anionic polymerization
of styrene.” Starting from hyperpolarized monomers, signals
from polymers could be observed during reaction because
hyperpolarization was continuously incorporated at the site of
monomer addition, so the active site of the growing polymer
chain could be selectively enhanced.

Several studies also showed the potential of d-DNP to study
enzymatic kinetics.”*”” As an example, Miclet et al. studied the
kinetics of the enzymatic phosphorylation reaction of glucose to
form glucose-6-phosphate by hexokinase.”® The catalytic
constant of the reaction was estimated with a simple model
tailored for hyperpolarized systems that takes into account the

DOI: 10.1021/acs.analchem.7b05236
Anal. Chem. 2018, 90, 3639—3650


http://dx.doi.org/10.1021/acs.analchem.7b05236

Analytical Chemistry

172 ' 'GABA'\/GIu/'GIn b '
i I i9
174 ' Gly r r GlyY
‘ ! A
176 }“ '“ 0 o
' Ala Ala Ala o

~
@

f

13C-enriched cell extract

3C chemical shift (ppm)

13C-enriched cell extract

o
9 .

AIaQ

o

]

°

Natural abundance cell extract

180+ Conv. HMBC, 13 h 42 min Single-scan HMBC, Single-scan HMBC,
500 MHz l | ' ry! 1 scan after 30 min DNP 9 [)8 1 scan after 30 min DNP
182 I 500 MHz 0 500 MHz
14 Ace m 00 bo ¥ : B
1] Lac Vel 4 Lac !
Lac Lac g
4 35 3 25 2 15 1 4 35 3 25 2 15 1 4 35 3 25 2 15 1

'H chemical shift (ppm)

Figure 6. 'H — '3C HMBC-type spectra of extracts of SKBR3 human breast cancer cell lines. (a) Conventional HMBC spectrum, recorded in 13 h 42
min at 500 MHz with a cryogenic probe, on a partially enriched extract (~57 million extracted cells) dissolved in 700 uL of D,0. (b) Hyperpolarized
single-scan spectrum. The cell extract was dissolved in 200 L of a mixture of H,0/D,0/glycerol-dg (2:3:5) with 25 mM TEMPOL and polarized for 30
min at 1.2 K and 6.7 T, and finally dissolved with S mL of D,0O. A fraction of 700 uL of the hyperpolarized sample was injected in a 500 MHz
spectrometer equipped with a cryogenic probe where the spectrum was recorded in a single scan. (c) Same as part b but with a natural abundance extract
(~113 million cells) obtained from the same SKBR3 cell line. Ace,acetate; Ala, alanine; GABA, y-aminobutyrate; Gln, glutamine; Glu, glutamate; Gly,
glycine; Lac, lactate. The figure and the caption are reproduced with permission from ref 103 (Copyright 2015 The Royal Society of Chemistry).

inhibition by the reaction product. In the same vein, Bornet et al.
reported the creation of hyperpolarized LLS to monitor a slow
enzymatic process that corresponds to the conversion of
fumarate into malate.”” In another example, after demonstrating
the feasibility of the real-time monitoring of betaine aldehyde
metabolism using a hyperpolarized choline analogue,'”’
Allouche-Arnon et al. measured the reaction rate constants in
successive enzymatic processes with a kinetic model designed for
multireactions schemes.'®!

Metabolomics. While most d-DNP studies have reported the
hyperpolarization of a single (and often labeled) molecule,"* the
hyperpolarization of complex mixtures is a much more recent
concept. Nevertheless, it could open interesting perspectives in
the growing field of metabolomics where NMR is mainly limited
to 'H detection, with heavily overlapped 1D spectra. *C NMR
could be highly promising in this field, but its application to
diluted and complex biological mixtures is not realistic for
sensitivity reasons. In this context, Dumez et al. recently
published a proof-of-concept paper showing that biological
extracts could be efficiently hyperpolarized and detected by *C
NMR after dissolution.'** Natural abundance *C NMR spectra
were acquired in a single scan by coupling d-DNP and CP, the
latter being a key factor to efficiently hyperpolarize such diluted
samples. High levels of *C spins hyperpolarization were
obtained in complex systems like tomato extracts or human
breast cancer cell lines. They also applied the ultrafast 2D NMR
methodology to record heteronuclear correlation spectra on such
extracts. Figure 6 shows an HMBC-type spectrum obtained in a
single scan on both enriched and natural abundance breast
cancer cell extracts. The actual limitation is that only quaternary
carbons could be observed after dissolution and transfer due to a
transfer time of several seconds. Nevertheless, the recent
improvements in the reduction of the transfer time could
circumvent this limitation. Hyperpolarized NMR of biological
mixtures could then form a promising tool to improve the
sensitivity of '*C NMR metabolomics, and 2D spectroscopy
would be a useful tool to separate overlapping resonances while
providing useful assignment information.

Following this proof of concept, with the aim to demonstrate
the analytical potential of the method for application to real
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studies involving large sample collections, a study on the
experimental repeatability was performed by Bornet et al.'”* The
detection of metabolites in tomato extracts by *C NMR at
natural abundance was reported with a repeatability of 3.6% for
signals above the limit of quantification and 6.4% for signals
above the limit of detection. These results show that the
analytical characteristics of d-DNP, in spite of a relatively
complex hyphenated hardware, are compatible with the precision
requirements of metabolomics.

Note that the repeatability could be further improved by the
use of a reference method to account for potential variations in
the polarization and dissolution processes. In a recent
publication, Lerche et al. presented the implementation of an
internal standard method for a reproducible quantitative analysis
of 13C-enriched metabolites.'”> To monitor metabolic pathway
activities, cancer cells were grown with uniformly '*C-labeled
glucose and metabolites were extracted, hyperpolarized, and then
analyzed by '*C NMR. The metabolic patterns of prostate and
breast cancer cells were investigated by this method.

B CONCLUSIONS AND PERSPECTIVES

In this Feature article, we have attempted to provide a brief
overview of the concepts and instrumental aspects of the
different DNP approaches coupled to NMR, and we have
proposed a selection of methodological progress and recent
applications in analytical chemistry. Among other hyperpolariza-
tion techniques, DNP becomes more and more popular among
the NMR community due to an increasing availability, although
the accessibility of d-DNP equipment remains to be improved.
Boosting the NMR signal with large enhancement factors allows
one to considerably reduce the experimental time or to make
accessible information that could not be retrieved with
conventional NMR alone. The sensitivity gain permits the
detection of low concentrated analytes or nuclei which suffer
from poor sensitivity due to their low natural abundance, low
gyromagnetic ratios, or large anisotropic interactions. As a result
DNP has the potential to considerably increase the range of
applications of NMR. While DNP-MAS NMR is already a
technique which has reinforced the applicability of conventional
MAS NMR by addressing previously unsolvable problems, the
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applications of dissolution DNP are still at a preliminary stage.
This is probably partly due to the absence of commercial
equipment that would include the major recent developments in
the field. Nevertheless, d-DNP has a great potential of application
in analytical chemistry, as highlighted by recent proof-of-concept
papers. In addition, the limitations inherent to its single-shot
nature may be overcome by technological developments to speed
up the dissolution and transfer process and by the use of UF 2D
NMR for detection. Globally, the development potential for both
methodologies goes hand in hand with a better understanding of
the DNP mechanisms, a development of the instrumentation,
and an optimization of the polarizing agents and the sample
preparation. DNP is a highly valuable technique that deserves to
become a standard feature of high-field NMR spectroscopy,
paving a way to new horizons in analytical chemistry.
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