Dynamic Nuclear Polarization: New Experimental and
Methodology Approaches and Applications in Physics,
Chemistry, Biology and Medicine

This special issue of Applied Magnetic Resonance provides an overview of re-
cent advances in the use of dynamic nuclear polarization (DNP) to enhance

signal intensities in nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI).

Al

Vhee etehing dates back to 1990 when Thomas Prituer worked as a postdoc
in the laboratory of Robert Guigfen at Massachusetts Tnstitute of Tecluology.

NMR is an extremely powerful tool for the identification of chemical com-
position and the determination of molecular structure. Because of its versatility
it is widely applied in chemistry, materials sciences, and biomedical research. MRI
provides noninvasive spatial and functional information that is superior to any
other imaging technique particularly in the field of medical diagnostics. The major
drawback of the methods is their low sensitivity caused by the small magnetic
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moment of the nuclear spins which results in a small Zeeman splitting of the
nuclear spin energy levels and therefore in only a small Boltzmann polarization.
Various strategies have been designed to overcome this sensitivity limitation.

The invention of pulse methods has drastically improved the sensitivity of
NMR spectroscopy and MRI. Pioneering research developing this idea and ap-
plying it to biological and medical applications was recognized by the award
of three Nobel prizes.

Furthermore, within the recent years hardware developments such as mag-
nets operating at very high fields and low detector noise temperature using cryo-
probes led to further improvements in sensitivity.

Not only these hardware-driven advancements in NMR signal-to-noise ratio
but also quantum mechanical couplings of the nuclear spin system to other tran-
sitions can be employed to obtain large signal enhancements. They all rely on
a specific coupling of the nuclear spin system to other highly polarized quan-
tum states.

The transfer of angular momentum of photons in polarized laser light onto
He or Xe atoms gave rise to high spin polarization [1, 2]. Similarly, the high
electron spin polarization of photoexcited radical pairs or triplet states have been
used to polarize nuclear spin states [3—6]. Another strategy takes advantage of
the correlation between rotational and spin states in diatomic hydrogen [7]. The
pairwise transfer of the diatomic hydrogen in the rotational “para” state during
a hydrogenation reaction allows generation of highly polarized nuclear spin sys-
tems. Another method, known as the Haupt effect, involves the conversion of
rotational energy bound in molecular rotors during a fast temperature jump into
nuclear polarization [8].

In all of these cases, the mechanisms are restricted to a rather small class of
molecules. An exemption is DNP. It permits a broad range of applications both
in solids and liquids, solely requiring the presence of a paramagnetic species in
the sample. The polarization of the more than 600 times larger electron spin
moment (as compared to the proton nuclear spin moment) can be transferred onto
the nuclear spin system by microwave irradiation of electron transitions. Inter-
estingly, this idea already originated in the early days of NMR, when Overhauser
[9] predicted the enhancement of the nuclear spin system polarization by elec-
tronic cross relaxation at a conference of the American Physical Society in 1953.
Leading NMR experts of that time, such as Bloch, Purcell, Rabi and Ramsey,
received this proposal initially with deep scepticism. However, shortly afterwards
Carver and Slichter [10, 11] succeeded in experimentally verifying Overhauser’s
prediction in metallic lithium using a static magnetic field B, = 30.3 G (corre-
sponding to an NMR frequency of 50 kHz and an ESR frequency of 84 MHz).
Overhauser’s idea was quickly extended to other systems such as dielectric sol-
ids and electron—nuclear spin systems in the liquid state.

The application of this concept to obtain highly polarized nuclear spin tar-
gets for neutron scattering initiated a number of theoretical and experimental
approaches to investigate the underlying physics of polarization transfer in an
electron—nuclear spin system. Abragam published numerous papers on the solid
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effect involving a coupled electron and nuclear spin in a dielectric system [12,
13]. In the 1960s various publications described the interaction in a system con-
sisting of two coupled electrons and one nuclear spin — nowadays convention-
ally called cross effect [14, 15]. Goldman and others subsequently extended the
DNP theory to systems containing many coupled electron and nuclear spins by
introducing the concept of spin temperature [16]. Despite the success of par-
ticle scientists generating up to 90% spin polarization using DNP [17] it is in-
teresting to note that this strategy initially did not find wide use in the field of
NMR application. Only a few rather exotic, but in hindsight important applica-
tions by Wind et al. [18] and Yannoni [19] took advantage of DNP to enhance
the NMR polarization in charcoal and diamonds. It is noteworthy that they
combined for the first time signal enhancement by DNP with magic-angle spin-
ning (MAS) to narrow the line width in solid-state NMR spectra. Schaefer et
al. studied polymers by using DNP at 1.4 T, which corresponds to 40 GHz ESR
and 60 MHz 'H NMR frequency [20, 21].

The enhancement of nuclear polarization in liquids by the Overhauser ef-
fect was investigated in detail by Hausser and Stehlik [22] and later by Miiller-
Warmuth [23]. They achieved high polarization at low magnetic fields (0.1-1
T), which rapidly diminished when the microwave frequency exceeded the in-
verse rotational or translational correlation time of the radical-solvent mixture.

Only just during recent years achievements of the Griffin group at MIT re-
newed the interest in DNP for enhancing the spin polarization in high-field MAS
NMR experiments [24, 25]. Their advances in hardware technology are mainly
related to the use of high-power high-frequency microwave sources which are
needed for DNP at high magnetic field strengths. They are the result of more
than a decade of research spent on optimising conditions for DNP MAS NMR
as evidenced by their first paper published in 1993 [26]. In addition, they could
demonstrate that signal enhancements up to 330 are achieveable even at high
magnetic fields using the cross effect with biradicals as DNP agents. This sig-
nal enhancement improvement was a breakthrough for high-resolution biomo-
lecular structural studies by MAS NMR [27].

Another recent development by Golman’s group (based at GE Healthcare)
involved in the generation of highly polarized spin systems in the solid state at
very low temperatures in a purpose-designed polarizer followed by a rapid dis-
solution process and sample transfer to the NMR/MRI spectrometer during which
the very high nuclear spin polarization of *C- or '"N-labelled small molecules
is largely maintained [28]. Especially the medical MRI community became ex-
cited by the prospects of using DNP to increase sensitivity to determine the
spatial distribution and conversion rates of metabolites in vivo. The feasibility
was demonstrated in a number of in vivo experiments using hyperpolarized '3C-
labelled pyruvate [29-31].

The interest generated by DNP MAS NMR and biomedical MRI (using a
prepolarizing procedure based on DNP) has recently stimulated wide-ranging ac-
tivities in the field of hardware development, theoretical studies of the under-
lying physical principles of DNP and search for novel applications.
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The strategy of dissolution DNP has been extended to in vitro applications
to gain high-resolution liquid-state NMR spectra from prepolarized small mol-
ecules. Currently, a number of research groups are investigating potential ap-
plications of this enhancement strategy for metabolomics and molecular dynamics
studies as well as in vitro metabolic reactions and perfused cell systems. Strat-
egies for rapid multidimensional NMR spectroscopy techniques using single
sample excitations have been recently published [32, 33]. They are ideally suited
for experiments with nonthermal high nuclear spin polarization created by pre-
polarization. For spin systems with specific symmetry properties theoretical and
experimental evidence for the existence of long-lived spin states with relaxation
rates much slower than for longitudinal relaxation were published [34, 35]. Such
states could be used to store and preserve the polarization. Driven by the huge
interest in the design of novel strategies for medical diagnostics, in particular
in oncology, a number of in vivo projects have been initialised and first human
applications using externally prepolarized '3C-labelled pyruvate will be carried
out in the near future.

The pioneering high-field solid-state DNP work of the MIT group also started
a number of new technological and methological projects. Stable high-power and
high-frequency microwave sources such as gyrotrons are currently available, al-
lowing DNP experiments at magnetic fields that provide sufficient chemical shift
resolution for NMR spectra of proteins and complex metabolite mixtures [36, 37].
Furthermore, research in modulating the frequency output of these sources and
generating very short pulses has been initialised with the likely outcome of a
new generation of microwave sources with optimised properties for DNP experi-
ments. On the other hand, low-temperature NMR systems were designed and the
feasibility of MAS NMR at very low temperatures was demonstrated [38]. It also
initiated research activities to quantitatively calculate and optimize polarization
transfer mechanisms. An entire new field of spin manipulations using principles
based on optimal-control theory has been established within the last few years
[39, 40]. Another activity is to extend the method to high-resolution liquid-state
NMR. In these cases the liquid protein sample is either polarized at low mag-
netic field values and rapidly shuttled to the NMR field or the polarization trans-
fer is performed in situ directly at the required NMR field.

This revival of DNP launched a number of new academic and commercial
activities. In various countries academic DNP initiatives were formed such as
in Germany, Switzerland, Israel and the UK. In particular, an EU-wide network
DNP for NMR in Structural Biology funded by the Framework 6 program was
established between ten European research groups investigating the feasibility
of liquid-state DNP strategies in biomolecular research. A commercial polarizer
is currently available from Oxford Instruments Molecular Biotools Ltd which
can be used to prepolarize molecules and pneumatically shuttle the sample af-
ter dissolution to high-resolution NMR instruments. Furthermore, developments
are underway for both the design of a commercial integrated dissolution DNP
NMR system by Oxford Instruments and a commercial DNP MAS NMR spec-
trometer including a high-power microwave source by Bruker BioSpin GmbH.
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The recent interest in DNP has brought together scientists from a wide range
of different fields of magnetic resonance research: links between the ESR hard-
ware experts and high-resolution NMR specialists were established and discus-
sions between radical chemists and medical MRI scientists were initiated. With
this objective in mind, the first international symposium on dynamic nuclear
polarization was organised at the University of Nottingham in August 2007. The
recent rapid developments in the field of DNP research deserved a platform for
scientific discussions and exchange of ideas. The collection of publications in
this special issue is the outcome of this symposium. They demonstrate the full
breadth of ongoing research in DNP hardware, theory, experimental optimiza-
tion and a variety of applications. Additionally they also provide a summary of
the many challenges this research field is currently facing. We hope that this
special issue may serve the newcomers as an introduction into the current state
of DNP research and for the hardware and application experts in the ESR, NMR
and MRI communities to get more details on particular aspects of DNP.
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