Journal of Magnetic Resonance 305 (2019) 41-50

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier.com/locate/jmr ==

Perspectives in Magnetic Resonance

Application and methodology of dissolution dynamic nuclear
polarization in physical, chemical and biological contexts

Check for
updates

Sami Jannin?, Jean-Nicolas Dumez ", Patrick Giraudeau "¢, Dennis Kurzbach ¢*

2 Université de Lyon, CNRS, Université Claude Bernard Lyon 1, ENS de Lyon, Centre de RMN a Trés Hauts Champs (CRMN), FRE 2034, 69100 Villeurbanne, France

b Université de Nantes, CNRS, CEISAM (UMR 6230), 44000 Nantes, France
€ Institut Universitaire de France, 1 rue Descartes, 75005 Paris, France

d University of Vienna, Faculty of Chemistry, Institute of Biological Chemistry, Wiihringer Str. 38, 1090 Vienna, Austria

ARTICLE INFO ABSTRACT

Article history:

Received 30 January 2019
Revised 28 May 2019
Accepted 2 June 2019
Available online 4 June 2019

Keywords:
Dissolution DNP
Real-time monitoring
analytical d-DNP

Dissolution dynamic nuclear polarization (d-DNP) is a versatile method to enhance nuclear magnetic res-
onance (NMR) spectroscopy. It boosts signal intensities by four to five orders of magnitude thereby pro-
viding the potential to improve and enable a plethora of applications ranging from the real-time
monitoring of chemical or biological processes to metabolomics and in-cell investigations. This perspec-
tives article highlights possible avenues for developments and applications of d-DNP in biochemical and
physicochemical studies. It outlines how chemists, biologists and physicists with various fields of interest
can transform and employ d-DNP as a powerful characterization method for their research.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Dissolution dynamic nuclear polarization (d-DNP) is a tech-
nique that aims at overcoming experimental limitations of solution
state nuclear magnetic resonance (NMR) spectroscopy imposed by
its intrinsically low sensitivity. Weak signal intensities in NMR are
a major bottleneck that often impede rapid detection schemes by
necessitating signal averaging or high (e.g., non-physiological) con-
centrations of target molecules. d-DNP [1]| mitigates these con-
straints by providing hyperpolarized nuclear spin states, which
feature dramatic signal intensity boosts by several orders of mag-
nitude. It is probably the most versatile method among other
established hyperpolarization techniques, such as para-hydrogen
induced polarization (PHIP) [2], signal amplification by reversible
exchange (SABRE) [3] or spin exchange or metastability exchange
optical pumping (SEOP or MEOP) [4]. Several reviews describing
these methods are already available [5].

d-DNP is based on the general concepts of DNP [6] making use
of the high polarization of electron spins by transferring it to
nuclear spins through microwave irradiation at low temperatures.
The original idea behind d-DNP [1] consists in a fast dissolution of
the sample after DNP, which preserves most of the hyperpolariza-
tion. This approach enables a plethora of solution-state
applications in analytical NMR or magnetic resonance imaging
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(MRI). Here again several reviews are available in the literature
[7-10].

d-DNP provides the potential to boost signal intensities by three
to four orders of magnitude thereby opening possibilities to access
materials and properties that cannot be studied by conventional
NMR [11,12]. Hence, potential applications in various fields of
research ranging from physical chemistry over nuclear physics to
biochemistry are imaginable.

While one of the currently most prominent applications of d-
DNP relies on the use of hyperpolarized biomolecular imaging trac-
ers for in-vivo metabolic MRI [13,14], this article targets the in-vitro
analytical, physiochemical and biochemical applications and per-
spectives of d-DNP thereby trying to raise the attention of a multi-
disciplinary community. After a brief introduction, current uses in
biochemical, chemical and physical contexts will be outlined and
perspectives will be developed for future applications, such as
real-time chemical reaction monitoring, investigation of biological
substrates, metabolomics and nuclear spin physics of solids. Subse-
quently, based on the current state-of-the-art a perspective on
future instrumentation and methods improvements will be devel-
oped in view of improving d-DNP to make it more efficient, gen-
eral, or transportable.

1.1. The d-DNP methodology - merits and pitfalls

d-DNP goes back to an invention by Ardenkjaer-Larsen, Golman
and co-workers in 2003 [1], who combined DNP of frozen liquids at
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low-temperatures (see [15] and references therein for a detailed
discussion of DNP mechanisms) with a subsequent dissolution
and rapid transition to ambient temperatures to increase signal
intensities in liquid state NMR spectroscopy. The combination of
temperature jumps with DNP can spectacularly increase nuclear
spin polarizations P; (vide infra for a more detailed definition),
yet such an experiment also requires peculiar instrumentation
and workflows. Currently, a prototypical d-DNP experiment for
hyperpolarized NMR consists of three principal steps:

(i) Dynamic nuclear polarization of a sample at a low tempera-
ture T° < 4.2 K within a dedicated DNP apparatus that
maintains a static magnetic field 335 T < B)"" < 11.8 T;

(ii) rapid heating and dissolution of the sample to the liquid
state prior to fast transfer to an NMR spectrometer operating
at typical magnetic fields B)™® > 7 T or dedicated low-field
devices;

(iii) NMR detection at close to ambient temperature T"MR >
273 K.

The basic setup of such an experiment is sketched in Fig. 1,
which depicts a DNP apparatus connected to a conventional NMR
spectrometer via a dissolution and transfer system.

To give the reader an overview over the requirements of a d-
DNP experiment, a brief description of steps (i), (ii) and (iii) is pro-
vided in the following:

(i) The experiment starts with the preparation of a sample that
contains paramagnetic molecules that are often coined polariza-
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Fig. 1. Principle setup of a d-DNP experiment. The DNP apparatus (left) typically
operates at comparable or slightly lower magnetic fields than the NMR spectrom-
eter used for detection (right). Qualitative magnetic field, B, and temperature, T,
profiles as a function of time are sketched below together with the association of
the different phases (i, ii and iii) of a d-DNP experiment with the different parts of
the setup.

tion agents (PAs). Stable radicals such as nitroxides or tri-aryl
methyl compounds often serve as PAs. After freezing of the sample,
partial saturation of the electron paramagnetic resonance (EPR)
line of a PA by slightly off-resonant microwave irradiation will
entail an increased nuclear spin polarization P due to a transfer
of polarization from the unpaired electrons of the PAs to the nuclei
in their vicinity (the ratio of gyromagnetic ratios is y(e™)/y('H) =
668). This process normally takes place in a dedicated DNP appara-
tus, as it requires probes with microwave irradiation and often
NMR capabilities (see for example Refs. [1,16,17]). A more or less
homogeneous distribution of PAs in the DNP samples usually leads
to optimal hyperpolarization. Therefore, crystallization, which
leads to uncontrolled local PA-enriched and -depleted phases
needs to be avoided, if necessary enforced by addition of vitrifica-
tion agents such as glycerol [18].

The sections “Sample Throughput” and “Transportable Hyper-
polarization” provide a closer look at current developments con-
cerning instrumentation and state-of-the-art PAs. For the
moment it is sufficient to consider that microwave irradiation
induces DNP by means of various mechanisms, most prominent,
the cross effect and thermal mixing [19,20]. The effectiveness of
the different mechanisms depends on various factors such as the
EPR line-shape, the concentration and the electron longitudinal
relaxation time Ty, of the PA. In d-DNP applications, one typically
operates at temperatures close to 1K, where mixtures of several
mechanisms may be operative. A detailed description of these pro-
cesses and their relation to d-DNP is beyond the scope of this per-
spective article. The reader is referred to the seminal work by
Abragam and Goldman [6] as well as to monographs [21], articles
[15,22-26] and reviews [5,27]. Yet, for the following perspectives
the reader should keep in mind that DNP of samples that contain
millimolar quantities of PAs entails a transfer of polarization from
a PA to nuclear spins in its vicinity causing a boost in NMR signal
intensity by increasing the nuclear polarization P;. The resulting
spin state is then denoted as “hyperpolarized”.

(ii) After the hyperpolarization procedure is complete, the
sample is rapidly dissolved and diluted in hot heavy water and
transferred to a conventional NMR spectrometer. The influence of
the temperature jump during a d-DNP experiment can directly
be deduced from Eq. (1):
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with ePNP the polarization enhancement brought about by DNP, and
h and kg the Planck and Boltzmann constants, respectively, and y
the gyromagnetic ratio of the nuclear spin I. The lower the temper-
ature TP at which the DNP process takes place, the higher the
thermal equilibrium polarization. The large signal enhancement in
a d-DNP experiment can therefore be traced back to the multiplica-
tive effects of DNP and the temperature jump.

The speed of the dissolution and transfer process is critical due
to two major factors. Firstly, large fractions of hyperpolarization
can be lost during the dissolution/heating process, if it proceeds
to slowly. The target substance may pass through a regime in
which nuclear spin relaxation is very effective (e.g., slow tumbling
of the molecule during the dissolution and exacerbate paramag-
netic relaxation) causing a rapid decay of the hyperpolarization.
Secondly, the sample needs to be rapidly transferred from the
DNP apparatus to the detection NMR device during a transfer time
2" through the magnetic field B, The latter might be uncon-
trolled or too low, which may cause enhanced losses of hyperpolar-
ization via enhanced paramagnetic relaxation [28] or scalar
relaxation of the first and second kind [29,30]. Several recent
developments try to mitigate this bottleneck of the d-DNP technol-
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ogy. For example, the use of magnetic tunnels [31] that maintain a
stable magnetic field B™ during the transfer or high-pressure
transfer systems in which the sample is propelled within only
0.5 to 2 s (depending on the setup) from the DNP apparatus to
the NMR spectrometer [32,33].

Additionally, it has recently been proposed that the dissolution
process can take place in the detection NMR spectrometer after the
cold solid sample has been transferred and not as usual within the
DNP apparatus before the transfer [34]. Several developments and
perspectives in this regard will be discussed in more detail below
in section “Solid transfer, liquid transfer”.

(iii) After the sample has been dissolved and transferred, NMR
detection proceeds. The hyperpolarized spin states can be
exploited in NMR experiments if their duration does not exceed
the lifetime of the hyperpolarization. A single pulse experiment
with a 90° detection pulse will yield maximum sensitivity in a sin-
gle scan (see Fig. 2), but it is also very common to detect the hyper-
polarized magnetization with a train of small angle detection
pulses, especially when the experiment aims at monitoring kinetic
or dynamic processes.

In contrast to conventional NMR, where the experiment may
last indefinitely within spectrometer stability and schedule con-
straints, signal detection in a d-DNP experiment needs to be com-
pleted within a short time interval after the sample has been
transferred (see Fig. 1). The hyperpolarization has a limited life-
time as it inevitably decays towards thermal equilibrium with
the time constant of longitudinal nuclear relaxation T;.

The limited lifetime of hyperpolarization and the irreversible
nature of d-DNP imposes limitations in the application of conven-
tional 2D and 3D experiments, which typically take longer than
2 min. Several approaches have been developed to resolve this
dilemma. They will be discussed in more detail in the section
“High-resolution d-DNP vs. high-resolution NMR” as well as “d-
DNP and ultrafast NMR detection”. While, on the one hand, a d-
DNP experiment is time-constrained, it is, on the other hand,
boosted by signal enhancements 4PN of three to four orders of
magnitude. €4°NP is here understood as the ratio between nuclear

spin polarization P*PN? of a hyperpolarized sample and corre-
sponding polarization in thermal equilibrium P™. This ratio can
reach over 1 000 in proton NMR and over 10 000 in NMR of
heteronuclei [11,12]. Hence, novel detection strategies for higher-
dimensional or time-resolved NMR become conceivable.

Small angle detection pulses of typically 1-30° are sufficient to
observe an intense signal although only a small share of the
nuclear polarization is used for detection. The readout can there-
fore be repeated rapidly, e.g. every 100 ms, before the polarization
has vanished. In contrast, conventional NMR typically employs
longer waiting times between every detection together with a
readout of the entire polarization by 90° pulses. These relations
are visualized in Fig. 2.

2. Applications of d-DNP for chemists, biologists and physicists

With a general outline of the d-DNP method at hand, we will
highlight in following selected state-of-the-art examples and
extrapolate these with respect to potential avenues for future d-
DNP applications. The selection of examples in this article is of
course of limited extent and does not claim to cover all important
recent developments in the field.

2.1. High-resolution d-DNP vs. high-resolution NMR - Applications to
structural biology of proteins

The established solution to overcome the intrinsically low sen-
sitivity in conventional NMR is signal averaging. To this end, a
spectrum is several times sequentially acquired such that the
result features an improved signal-to-noise ratio (SNR). Obviously,
the higher the desired SNR, the longer is the necessary acquisition
time. d-DNP is - to a large extent - not limited anymore by signal
intensities such that the need for signal accumulation becomes
outdated and novel possibilities emerge.

Due to the necessity for rapid detection, often only one-
dimensional spectra are recorded by means of d-DNP. However,
recently it has been shown that high-resolution multidimensional

a) Conventional NMR b) Dissolution DNP c) Dissolution DNP
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NMR signal time NMR signal time | NMR signal time
time time time
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Fig. 2. Comparison of a conventional NMR experiment with a d-DNP experiment. (a) Traditionally, NMR detects the nuclear spin polarization in thermal equilibrium by
means of a 90° detection pulse that reads the entire polarization. Subsequently, one waits for rebuild-up of the nuclear spin polarization to repeat the experiment. Typical,
recovery delays are between a few hundreds of milliseconds to minutes. In contrast, in d-DNP the entire experiment is executed during a single period (b, c). One may use a
single read-out pulse, which yields a single very intense spectrum. Yet, typically for 1D NMR by d-DNP, the experiment starts with intense polarization which allows for small
angle detection such that only small shares of the polarization are used to read the signal (or Ernst angles in cases of continuously replenished intermediates). The detection
can be repeated rapidly, e.g. every 100 ms, before the hyperpolarization has decayed to thermal equilibrium polarization. This strategy is useful for monitoring dynamic/
kinetic processes on a T; timescale, but if sensitivity enhancement is the main goal, a single 90° can likewise be applied to obtain a maximum signal in a single detection.
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NMR of proteins by d-DNP is also possible by using hyperpolarized
solvents as vectors to transport hyperpolarization from the low-
temperature conditions within a DNP apparatus to a protein solu-
tion and finally into a protein (see Fig. 3 for a sketch of the
approach) [33,35-37,38,39]. Indeed, by dissolving a well-folded
or intrinsically disordered protein (IDP) in a buffer that contains
labile hyperpolarized protons, the hyperpolarization is introduced
into the protein by chemical exchange between labile protein side-
chain or backbone protons and the solvent. With this technique,
multidimensional NMR spectra with increased intensity can be
measured due to two key points: (1) The approach is applicable
to any water-soluble protein, as only the buffer must undergo
the d-DNP procedure. This renders this approach broadly applica-
ble to a plethora of substrates. The major limitation is imposed
by the proton exchange rate between solvent and the protein’s
backbone amide protons, which needs to range between ca.
0.5s7! and 100s~! to provide substantial signal enhancements
[35,37].(2) The hyperpolarization of the protons in a protein buffer

D-DNP Platform High-resolution NMR
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Fig. 3. Experimental strategy for hyperpolarized multi-dimensional NMR of pro-
teins. Top: To couple d-DNP with high-resolution protein NMR applications,
hyperpolarized aqueous buffers are produced and subsequently mixed with a
protein solution. Rapid exchange of hyperpolarized protons between the water in
the buffer and the target proteins introduces hyperpolarization into the protein. As
proton exchange is quite efficient at pH 7.4 and 37°C, NMR under near-
physiological conditions is feasible through this approach. Bottom: 'H-'>N HMQC
of ubiquitin detected through hyperpolarized 96% deuterated PBS buffer (red)
superimposed to a conventional HSQC in 10% deuterated PBS (black). Evidently, not
all residues can be detected by hyperpolarization-based detection as the signal
intensity depends on the efficiency of the exchange of hyperpolarization between
the solvent and the protein. The resulting spectra are, hence, sparse and reminiscent
of selective labeling techniques based on selectively isotope enriched amino acids.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

decays with a time constant T; that is much longer than the one of
protons attached to the protein, which is of the order of 1 s. Typi-
cally, partially deuterated buffers are employed to prolong T; times
and hyperpolarization lifetimes of ca. 2 min. can be achieved with
this approach. Hence, rapid multidimensional, high-resolution
detection schemes become feasible.

It was shown that 'H-'°N correlation spectroscopy (HMQC)
of > 200 amino acid long IDPs is possible at residue resolution. Very
recently, the approach has been extended to three-dimensional
NMR (HNCO) and carbon-direct detection in *C-'>N correlation
experiments (HN-CON) [40]. Enhancement factors € in such exper-
iments vary between ca. 10 to 500 with respect to signal intensities
in thermal equilibrium ceteris paribus. The signal enhancements
translate into a squared reduction in experimental time.

The result of a hyperpolarized multidimensional protein NMR
experiment differs from a conventional NMR experiment. As the
hyperpolarization of the protein is introduced through exchange
between hyperpolarized solvent protons and labile protein protons
(or through exchange-relayed nuclear Overhauser effects) [37], the
signal enhancement is - like the exchange rate - residue-
dependent. For example, in 'H-'>N correlation spectra only such
proton-nitrogen pairs are detected that exchange hyperpolariza-
tion efficiently with the solvent during the recovery delay between
each detection. Hence, only a subset of signals is detected in com-
parison to the conventional counterpart of a 'H-'>N correlation
spectrum. The “hyperpolarization-selective” detection can be com-
pared with selective labeling approaches, such as targeted '3C or
15N-enrichment of selected amino acids [41,42]. Such techniques
render spectra sparse and, hence, allow for residue-specific analy-
sis of larger proteins, for which uniform labeling would lead to
strong signal overlap. Similar applications are conceivable for large
proteins, where signal broadening due to relaxation would be mit-
igated. The hyperpolarization exchange approach to high-
resolution NMR might turn out to be very powerful supplement
to established techniques, which suffer from overlapping signals.

2.2. Reducing concentrations, NMR optimized conditions

Hyperpolarized protein NMR is not likely to be superior to con-
ventional NMR, instead it is of a complementary nature. For exam-
ple, it can be employed to support NMR under physiological
conditions (pH 7.4, 37 °C), where conventional techniques may suf-
fer from too low signal intensities. Such penalties can be compen-
sated by hyperpolarization.

Another potential of hyperpolarized protein NMR lies in the
possible reduction of substrate concentrations. Typically, NMR of
proteins requires that substrate concentrations in the micromolar
range (>50 uM). However, physiological concentrations are often
much lower, even nanomolar and such variations can lead to sig-
nificant shifts in the conformational ensemble of a protein. For
example, the transcription factor MAX exists predominantly as a
well-folded homodimer at higher, NMR-typical concentrations,
but at physiological concentrations it mostly adopts an intrinsi-
cally disordered conformation [43]. Hyperpolarized protein NMR
can enable a reduction of the necessary substrate quantities to
physiological concentrations to mitigate such biases. Possibly even
in-cell NMR at physiological protein concentrations can be envis-
aged for future developments of d-DNP rendering this method
even more versatile and a possible tool for characterization of
low-concentrated and low-yield substrates.

2.3. Applications of hyperpolarized NMR to protein interactions
As the nature of hyperpolarized protein NMR is somewhat dif-

fering from established applications, novel possibilities to investi-
gate protein interactions become conceivable [38,44,45]. Among
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Fig. 4. Sketch of the IDP OPN. In the ligand free form, OPN populates a compacted core (red and blue patches). When heparin binds to the positively charged part of the core
(blue), the negatively charged part of the core (red) becomes more solvent exposed, which leads to the detection of glycine situated within the red marked stretch by means of
hyperpolarization-boosted "H-'>N HMQC (right). In the absence of heparin, these glycines could not be detected. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

other excellent examples, this has recently been demonstrated at
hand of the binding of the extracellular matrix protein osteopontin
(OPN) to its ligand heparin. OPN is an intrinsically disordered pro-
tein (IDP) that features a disordered yet compacted core region.
While the core’s increased level of compression shields it from
the solvent, other regions of the protein are strongly exposed to
the solvent. Binding of heparin to OPN leads to dissolution of the
core and consequently changed solvent exposure of the core resi-
dues [46]. As a consequence, hyperpolarization-selective detection
leads to an observation of residues that are localized in the core
region only in the heparin-bound state. This relation is visualized
in Fig. 4.

Glycine residues located between aa 100 and 180, which take
part in the formation of OPN’s core region cannot be detected by
means of hyperpolarized solvents in the heparin-free form. How-
ever, in the presence of heparin, the proton exchange between
the core residues and the solvent is accelerated and the glycines
become observable [36].

Hence, the set of residues that pass the “hyperpolarization-
selective” filter varies due to conformational changes induced by
the binding event. This feature provides an accurate indication
for a protein interaction and can reveal adaptions of structural
dynamics due to population shifts in conformational spaces of
IDPs. Such a method might develop into a complement to conven-
tional approaches, such as chemical shift perturbations in ligand
titration experiments. Due to the rapid nature of the experiment,
which typically takes no longer than 2 min. it also appears to be
especially well-suited for metastable targets or transient interme-
diates allowing for residue-resolved interaction studies in short
periods of time.

2.4. Potential of d-DNP for metabolomics

Metabolomics is a growing application field that could benefit
in the near future from the sensitivity boost offered by d-DNP.
Metabolomics ~which aims at identifying and quantifying as many
metabolites as possible in biological samples— currently relies on
mass spectrometry (MS) and NMR as analytical tools. However,
the metabolomics field is largely dominated by MS due to the
much higher sensitivity of this technique. NMR is still popular
thanks to its ease-of-use and to its higher reproducibility and iden-
tification capabilities, but the MS/NMR complementarity in meta-
bolomics would certainly be reinforced by more sensitive NMR
methods.

Recent studies highlighted the potential of d-DNP for the anal-
ysis of biological samples such as those commonly encountered in

metabolomics. This requires to successfully hyperpolarize complex
mixtures and to detect the multiple corresponding signals with a
sufficient analytical performance to monitor biological variations
between samples from different groups. A first approach consists
in incubating the targeted biological samples with '*C-labeled sub-
strates, followed by d-DNP on the resulting samples [47]. This
approach was applied to determine the concentration of several
metabolites in cell extracts. Since it is based on isotope labeling,
this method aims at targeting specific metabolic pathways. An
untargeted strategy has also been suggested, which consists in
hyperpolarizing samples at natural '>C abundance by applying
cross-polarization (CP) from 'H to '3C spins. This approach has
the double advantage that it does not require 'C labeling and that
a high and reproducible '3C polarization of metabolites can in prin-
ciple be reached within a few tens of minutes (versus a few hours
for the direct '3C hyperpolarization of labeled samples). Dumez
et al. demonstrated the potential of this approach on plant and can-
cer cell extracts at natural abundance, both with 1D and ultrafast
(UF) 2D NMR detection [48].

While these recent papers open interesting perspectives, sev-
eral challenges must be addressed before d-DNP can be applied
to real metabolomic studies. A notable characteristic of the
approaches mentioned above is that only quaternary carbons could
be detected thanks to their longer relaxation times. Faster injection
systems that could enable the detection of broadband '3C spectra
of hyperpolarized metabolite mixtures will certainly enhance the
applicability of the method. Another key requirement for metabo-
lomics is the precision of the method in terms of repeatability and
reproducibility. The signal variation between successive experi-
ments must be significantly smaller than the targeted biological
variations (generally of at least 20%). An encouraging result has
recently been obtained by Bornet et al, who demonstrated the very
good repeatability (3.6% in average for signals above the limit of
quantification) of d-DNP assisted by CP on tomato extracts
(Fig. 5) [49]. Note that the trueness of d-DNP is not an issue since
only relative concentration variations between samples are sought.
In particular, the T;-weighting of metabolite signals is unavoidable
but is not an issue if the T, variations between samples within a
metabolomics study are negligible and if the experiment is repro-
ducible. Still, absolute metabolite concentrations can in principle
be measured by applying adequate correction factors determined
with reference samples [36].

While these studies pave the way towards hyperpolarized NMR
metabolomics, future work will need to explore if d-DNP can bring
more than conventional 'H metabolomics, both in terms of sample
classification and biological interpretation. Such exploration will
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Fig. 5. Potential of CP-assisted D-DNP for metabolomics. (a) Quaternary region of a
13C NMR spectrum of a green tomato fruit pericarp extract. (b) Thermal spectrum
obtained without hyperpolarization on an identical extract. (c) Single-scan '*C NMR
spectrum of a 20 mg extract. (c) Repeatability and sensitivity of D-DNP '*C NMR
evaluated on 8 successive experiments performed on identical tomato extracts. The
average precision, expressed in terms of repeatability, is 6.4% for all buckets
containing signals above the limit of detection (LOD), and 3.6% when only the 16
buckets with signals above the limit of quantification (LOQ) are taken into account.
The dashed orange bars correspond to the average SNR of the corresponding
buckets, showing that the repeatability is proportional to the inverse of the SNR.
The buckets are numbered from 1 to 26, indicated by lines on top of the spectra.
Those in bold indicate buckets containing signals above the LOQ. Reproduced with
permission from Ref. [49]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

require embedding d-DNP in a meticulous analytical workflow
including careful sample preparation, hyperpolarized NMR and
data analysis.

2.5. Interaction monitoring — Applications to general chemistry and
biochemistry

The potential of real-time monitoring has given rise to some
remarkable studies in the recent past. For example, tracking of fast
folding-upon-binding processes of proteins, of in-cell metabolic
conversion [50], enzyme kinetics [51], pH jumps [52] or biominer-
alization processes [53].

The general principle in all these applications is to hyperpolar-
ize one interaction partner and to mix it with another interaction
partner upon dissolution and transfer to the detection spectrome-
ter followed by real-time NMR detection by either low-
dimensional or higher-dimensional (ultrafast-detected) techniques
(cf. Fig. 6) to follow the event in time. Among many excellent
examples, one very interesting demonstration by Hilty and
co-workers [54] is based on monitoring signal intensities of live
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Fig. 6. Description of the d-DNP SPEN DOSY experiment. (a) Timing of the
polarization, dissolution and acquisition steps, with the evolution of the temper-
ature and magnetic field. (b) Spin-echo SPEN DOSY pulse sequence. (c) Double spin-
echo SPEN DOSY pulse sequence. (d) Double diffusion encoding SPEN DOSY pulse
sequence. Crusher gradients are shown in grey. The selected coherence transfer
pathway is shown in red. (e) DOSY spectrum for the double-diffusion-encoding
SPEN DOSY pulse sequence, obtained in a single D-DNP experiment. Reproduced
with permission from Ref. [60]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

anionic chain ends in the polymerization of polystyrene. The d-
DNP approach allowed to deduce details about reaction mecha-
nisms and kinetic parameters with high precision. Another exam-
ple by Abergel and co-workers is based on enzymatic conversion
of hyperpolarized metabolites that are mixed upon dissolution
with a protein cocktail that mimics parts of the physiological meta-
bolic network [51,55]. The conversion of the metabolite can then
be monitored by following the build-up of NMR signals of the reac-
tion products. Such, parts of the pentose phosphate pathway (PPP)
have been studied by using hyperpolarized glucose (GLU) as tracer
molecule that is dissolved in a mixture of hexokinase (HA) and
adenosine-tri-phosphate (ATP). By analyzing the decay of the educt
GLU signal and the signal build-up of the product glucose-6-
phosphate (G6P) with elaborate kinetic models, unprecedented
insights (e.g. that phosphorylation of both o and f glucose anomers
proceeds with comparable efficiencies) into kinetics and mecha-
nism behind the PPP could be revealed.

d-DNP is a tool with potentially universal scope for reaction
monitoring on milliseconds to seconds time scales and it might
possibly develop into a versatile technique to monitor and study
the early onset of a plethora of chemical processes.
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3. Perspective on instrumentation and methods developments

Like NMR spectroscopy in general, d-DNP devices and tech-
niques are undergoing continuous developments. In the following,
we will give an account of the current state-of-the-art and possible
future avenues as well as consequences for possible applications of
d-DNP.

3.1. d-DNP and ultrafast NMR detection

The fast decaying and, more importantly, non-renewable nature
of DNP-enhanced polarization, once in solution, makes it challeng-
ing and, in many cases, impossible, to collect multidimensional
NMR spectra with classic time-incremented experiments. An
important exception is the HMQC experiment, which is compatible
with multi-scan acquisition when implemented with small-tip
angle excitation pulses [56].

A general solution to the problem of collecting 2D spectra from
hyperpolarized substrates is to use single-scan, so called “ultrafast”
NMR methods, based on the principle of spatial encoding. This was
demonstrated early on by Frydman and co-workers with the acqui-
sition of HSQC spectra [57]. Further demonstrations include the
acquisition of 13C-"H spectra from hyperpolarized natural products
or complex metabolic mixtures [58,48]. Spatial encoding is also the
basis for ultrafast Laplace NMR (UFLNMR), where diffusion and/or
relaxation information is encoded spatially [57]. UFLNMR was used
by Telkki and co-workers to obtain chemical information in hetero-
geneous media from hyperpolarized compounds, or to speed up
the acquisition of water diffusivity and relaxation data in low-
field NMR using single-sided magnets [57]. Diffusion data can also
be obtained in a single scan with chemical shift resolution from
hyperpolarized substrates. This requires the use of convection-
compensated diffusion encoding schemes. (Fig. 6) [57]. Overall,
single-scan 2D NMR offers many promising options to increase
the information content of DNP-enhanced experiments, although
these have been little exploited so far. One limitation of the
approach is that many single-scan 2D methods are not compatible
with the acquisition of multiple consecutive spectra, while most
applications of d-DNP concern time-evolving samples. While the
sensitivity penalty associated with the gradient-based acquisition
of UF2DNMR may also be a concern, it is counter-balanced in d-
DNP by the single vs multi scan nature of the experiment [59].

Several strategies have also been reported to obtain effectively
multidimensional information from a small number of scans, in a
way that is compatible with on- renewable hyperpolarized signals.
For example, Hilty and co-workers have used off resonance '3C
decoupling to scale the apparent *C-'H coupling in 'H 1D spectra
and provide access to the chemical shift of the coupled carbon for
each proton [61]. They also showed how the selective inversion of
a signal can result in a new type of correlation between, e.g. reac-
tant and product, for systems undergoing a chemical reaction [62].
This strategy was used to help in the mechanistic analysis of metal
catalyzed polymerization reactions [63].

3.2. Sample throughput

A main shortcoming of the d-DNP state-of-the-art is its low
sample throughput. Hyperpolarization build-up times are often
on the order of hours such that only few experiments are possible
per day. To overcome this bottleneck, an instrumentation work-
around has recently been developed that allows one to hyperpolar-
ize several samples at the same time, but to dissolve them
sequentially such that high experimental repetition rates and
multi-shot experiments become possible [64,65]. Another effective
way of enhancing sample throughput consists in the use of 'H-'3C

cross polarization together with a rapid and efficient hyperpolar-
ization of 'H spins with broad lines PAs such as nitroxides
[66,67]. By further increasing the polarizing magnetic field [68],
implementing suitable frequency modulation of the microwave
irradiation [69] and performing microwave gating during CP [70],
record '3C polarizations > 60% have been achieved in less than
10 min. It is most likely that these advances will be further
improved in the near future by better radiofrequency coil designs.
(CP experiments are currently performed with By less than 20 kHz
whereas > 50 kHz values would be desirable.) Another route to
improve the throughput would be the use of more efficient PAs
that would polarize 'H-nuclei faster and higher, possibly even at
higher temperatures. For the moment, the best PAs for proton
DNP are simple forms of nitroxide radicals (such as TEMPO,
amino-TEMPO, or TEMPOL) but one can hope that well-chosen or
newly designed PAs may surpass the existing ones (see for exam-
ple the current effort to improve PAs in MAS-DNP) [71-73]. These
developments may pave the way towards applications of d-DNP
with enhanced sample throughput such as compound screening
applications in combinatorial research.

3.3. Solid transfer, liquid transfer — Applications to spin physics

Typically for d-DNP, samples are dissolved within the DNP
apparatus and subsequently transferred in the liquid state to the
detection NMR spectrometer. However recently, it has been
demonstrated that a transfer of some solid samples is likewise fea-
sible if the transfer is very rapid, i.e. on the order of 100 ms, and the
magnetic field B does not drop below a critical values where
nuclear thermal mixing occurs [34]. While, d-DNP of solutes in lig-
uid state samples is currently further developed and applicable to
various NMR active nuclei, the solid-transfer development opens
new avenues for applications of d-DNP, not only with respect to
NMR of hyperpolarized liquids and solids [74], but also with
respect to hyperpolarized NMR of dissolved gases. Fig. 7 displays
a sketch of the setup developed to transfer a DNP hyperpolarized
solid sample to the NMR spectrometer.

The transfer of solids is a promising method to study the effect
of temperature jumps on spin dynamics, as has been shown in a
recent example where the para-to-ortho conversion of proton
nuclear spins was studied in hyperpolarized water molecules
enclosed in C60 fullerene cages (H,O@C60). Such conversions have
been subject to many speculations due to the omnipresence of
ortho- and para-water [75], but have so far been cumbersome to
access due to fast proton exchange in water. Yet, Meier and
co-workers showed that hyperpolarized H,O@C60 facilitated the
access to these states and to study their properties [76]. After rapid

Secondary Magnet

Polarizer

Fig. 7. Setup for transfer of a DNP hyperpolarized solid sample to an NMR
spectrometer as proposed by Meier and co-workers. After DNP (left) the solid
sample is pushed by pressurized helium through a tube surrounded by a solenoid
that maintains a non-zero magnetic field during the transfer within ca. 100 ms to a
detection spectrometer (right), where it is dissolved prior to injection into an NMR
tube. Reproduced with permission from Ref. [34].
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transfer of solid H,0@C60 from cold temperatures close to 1K to
an NMR spectrometer operating at ambient temperatures TV}, a
conversion of para water to ortho water can be observed at hand
of the intensity of the water NMR signal. Similar principles can
be applied to a plethora of other substrates to study the effect of
rapid temperature changes on nuclear polarizations and dynamics.
Especially in highly symmetric systems interesting results can be
anticipated [77,78].

Another potential provided by the transfer-then-dissolution
approach lies in the study of dissolved gases. The traditional
dissolution-then-transfer strategy often suffers from imminent
degassing of the solution. Typically, pressurized helium is used to
rapidly push the dissolved sample in the liquid state through a cap-
illary towards the detection NMR spectrometer. This process has
undergone intense optimization in recent years [32]|. However,
the applied pressure leads to a removal of the gas from the solu-
tion. This problem could be overcome by first transferring a hyper-
polarized frozen gas pellet to the detection NMR spectrometer and
then dissolving it in a suitable liquid in-situ within the spectrome-
ter. Such, NMR of important substances such as methane, ethylene
or °N,, might become possible [79]. This might render d-DNP
more versatile and applicable to a broader range of scientific
problems.

4. Transportable hyperpolarized substrates

The concept of solid-state transfer of the DNP sample is also
currently opening new avenues for remote transport of hyperpo-
larized samples, which will ultimately make the presence of a
DNP machine at the point of the NMR experiment unnecessary.
Three proof of concept papers that were recently published indeed
demonstrated that transport of hyperpolarized substances could
be possible over tens of hours timescales. This was done either
by brute force polarization (with PA-free sample formulation)
[80], by 'H-'3C CP-DNP (on sub-micron heterogeneous sample for-
mulations) [81], or by thermal annihilation of photo-induced rad-
icals (using UV excitation) [82]. The key in these approaches
always is the absence of paramagnetic relaxation during the trans-
port step. It is likely that in the next couple of years, these methods
will develop further and enable remote hyperpolarized applica-
tions (such as real-time metabolic imaging, metabolomics, drug
discovery, etc.). The prospect of hyperpolarization in dedicated
DNP centers may raise the question of a scaling-up of DNP sample
quantities and throughput to much higher extents than today,
which may lead to a radical transformation of the DNP instrumen-
tation towards high volume cryostats, high power microwave
sources, lower cryogenic fluid consumption, etc.

5. Outlook

This article tried to outline selected possible applications of d-
DNP that might be of interest for a broader community covering
physical, chemical and biological research. Many potentials
emerged up to now due to the progress d-DNP has undergone since
its invention in 2003, and its future developments seem promising
in view of the current state-of-the-art. However, d-DNP remains a
complicated method, which is often cumbersome to use, and
expert operators are often necessary as many factors need to be
considered ranging from low-temperature nuclear physics, over
hydrodynamics to rapid NMR detection. A possible avenue for a
more widespread application of d-DNP could be based on hyperpo-
larization user facilities, where external users can apply and be
supported by local expert staff. Examples in this direction are
(among others) the d-DNP facilities at EPFL and CRMN Lyon
[48,83,84], at the ENS Paris [19,60,85], and at the MagLab in

Talahassee where numerous biologically, physically and chemi-
cally oriented projects of external users of d-DNP have been suc-
cessfully executed with the help of local operators. If such
direction were to be pursued, developments that NMR spec-
troscopy has undergone in the last 40 years, from an expert
method to almost completely automated facilities could be envis-
aged for future developments of d-DNP. Alternatively, the pro-
spects of transportable hyperpolarization might also definitely
eliminate the need for an on-site d-DNP access and simply trans-
form hyperpolarization into a consumable (such as PET tracers).
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