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We report the influence of glassing solvent deuteration and Gd** doping on **C dynamic nuclear
polarization (DNP) nuclear magnetic resonance (NMR) performed on [1-13C] sodium acetate at Bo =5 T
and 1.2 K. Our data reveal that at 5 T, glassing solvent deuteration still results in a 40% improvement of
the *C DNP signal when a large electron spin resonance (ESR) linewidth 4-oxo-TEMPO free radical is
used, but results in a 60% decrease of the DNP signal in the case of a sample doped with small ESR
linewidth trityl OX063. An addition of a trace amount of the Gd** complex Gd-HP-DO3A led to
a negligible slight decrease on the *C polarization TEMPO-doped sample, but is still relatively beneficial
for the trityl-doped sample with 30% improvement of the DNP-enhanced 13C polarization. These
findings indicate that while these DNP optimization steps are still valid at 5 T, the effects are not as
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1. Introduction

Conventional nuclear magnetic resonance (NMR) spectroscopy,
while very useful and widely used, lacks sensitivity due to the
small difference in the spin populations between nuclear Zee-
man spin states at ambient conditions, resulting in low polar-
ization of the nuclei. In other words, this low polarization level
stems from the energy difference between the two nuclear-spin
states being low compared to the thermal energy.' In contrast,
electron spins can be polarized rather easily, owing to their
higher gyromagnetic ratio y and thus a larger energy gap
between the two spin states. In general, the y of electrons is
about three orders of magnitude higher than that of typically
observed nuclei.

Dynamic nuclear polarization (DNP) is a method of ampli-
fying nuclear polarization by transferring the high polarization
of electrons to the nuclei via microwave radiation at low
temperature and high magnetic field.> The resulting large
enhancement in the nuclear polarization or NMR sensitivity
leads to time savings in NMR measurements, especially on
nuclei having low gyromagnetic ratios such *C, *N, %y, or
10719900 2% pyrthermore, DNP-NMR has become a rapidly
emerging technique in the biomedical research community,
where it is used in probing metabolic anomalies in various
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pronounced as observed in 3C DNP at By = 3.35 T. These DNP results at 5 T are discussed
thermodynamically within the framework of the thermal mixing model of DNP.

diseases such as cancer, with the combined superb sensitivity
and high specificity provided by hyperpolarized *C NMR
spectroscopy or imaging (MRI).*™

In a typical dissolution DNP setup,” a sample containing the
target nuclei is doped with a free radical at an optimum
concentration and embedded uniformly in a glassing matrix.
The whole solution is then cooled down to a cryogenic
temperature (<4 K) in a high magnetic field (>1 T). The purpose
of this step is to polarize the electrons provided by the free
radicals by Boltzmann thermal polarization. Hyperpolarization
is achieved by irradiating the frozen sample with a microwave
frequency close to the electron spin resonance (ESR) frequency
of the free radical. This process results in a transfer of the high
spin alignment from the electrons to the target nuclei.»***
Taking advantage of the relatively long spin-lattice relaxation
time T; of target nuclei, dissolution DNP is able to harness the
amplified NMR signals in the liquid-state at physiologically
tolerable temperatures.>

Based on the procedure above, for any nuclei, two factors
contributing to the sensitivity enhancement can be identified:
(i) instrumental setup (B,/T ratio) and (ii) sample preparation.
Factor (i) determines the polarization of the electrons in the free
radical; B, also determines the energy difference between the
nuclear Zeeman energy levels or the Larmor frequency of the
nuclei (w;). By and T also determine the relaxation constants of
the electron and nuclear spins. Factor (ii), in particular the type
of free radical used, determines whether the width (D) of the
electron spin resonance (ESR) spectrum of the free radical is
larger or smaller than w;. Together, these factors determine the
way by which the predominant DNP mechanism proceeds: (a)
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via the solid effect when D < w; or (b) via the thermal mixing
effect which occurs when D > w;.»*>* A study by Lumata et al.
has shown the effects of deuteration of the glassing matrix in
3C DNP at 3.35 T, which improves the nuclear polarization
when galvinoxyl, DDPH, or 4-oxo-TEMPO is used.”” However,
the glassing solvent deuteration decreases the nuclear polari-
zation when BDPA or trityl 0X063 was used as the free radical
dopant.”” Similar studies on the effects of addition of trace
amounts of lanthanides such as Gd** on DNP samples reported
significant improvements in the DNP-enhanced polarization
levels.'>' Many DNP optimization studies reported previously
were performed at magnetic fields of 3.35 T, mainly due to the
availability of commercial hyperpolarizer operating at 3.35 T
(Hypersense, Oxford Instruments, UK) and W-band microwave
source. Recent work has shown greater DNP-enhanced polari-
zation levels can be gained at fields of 5-7 T*>** and a recent
DNP hyperpolarizer for clinical purposes (SPINlab™, GE
Healthcare, WI) has an operating field of 5 T.>® Therefore,
greater exploration of suitable sample conditions for optimal
polarization properties at these fields are needed, especially as
the electronic properties of free radicals change with field.”” In
this article, we have investigated the influence of glassing
solvent deuteration and the inclusion of Gd** on *C DNP at
a field of 5 T. Free radicals 4-oxo-TEMPO and trityl] OX063
(Fig. 1) are used to represent free radicals with wide and narrow
ESR linewidths, respectively.

2. Experimental

2.1 Materials

The free radicals were obtained from commercial suppliers: (a)
tris[8-carboxyl-2,2,6,6-benzo(1,2-d:5d)-bis(1,3)dithiole-4-yljmethyl-
sodium salt (trityl OX063) [Oxford Instruments Molecular Bio-
tools], (b) 4-0x0-2,2,6,6-tetramethylpiperidine-1-oxyl(4-oxo-TEMPO)
[Sigma Aldrich]. [1-*C] sodium acetate, glycerol, and deuterated
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COOH
R = CH,CH,OH
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Fig. 1 Structures of ProHance Gd** contrast agent and free radical
polarizing agents studied in this work.
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dg-glycerol were purchased from Sigma Aldrich. ProHance Gd**
contrast agent was purchased from Bracco Diagnostics, New Jersey
as 0.5 M Gd-HP-DO3A solution in water. Deuterium used as
a solvent in this study was obtained from Cambridge Isotope
Laboratories (Tewksbury, Massachusetts). The samples are
prepared by mixing the materials following a procedure described
below and used without further purification.

Trityl-doped samples. The trityl samples were prepared to
yield a volume of 100 pL each. [1-"*C] sodium acetate solution
(3 M) in a1:1 v/vglycerol/water glassing solvent was prepared
and doped with trityl 0X063 (15 mM) as a reference sample. For
the deuterated sample, 1:1 v/v dg-glycerol/D,O was used in
place of the glycerol/water glassing solvent. The sample doped
with Gd*" was prepared by adding a trace amount of ProHance
contrast agent (2 mM). To ensure homogeneity, each sample
was mixed using a vortex mixer for at least 3 minutes.

TEMPO-doped samples. The 4-oxo-TEMPO-doped samples
were prepared to yield a total volume of 200 uL each. [1-"°C]
sodium acetate solution (3 M) in a 1:1 v/v glycerol/water
glassing solvent was prepared and doped with 4-oxo-TEMPO
(40 mM) as a reference sample. For the deuterated sample,
1 : 1 v/v dg-glycerol/D,0O was used in place of the glycerol/water
glassing solvent. The sample doped with Gd** was prepared by
adding a trace amount of ProHance contrast agent (2 mM).
Each sample was mixed using a vortex mixer for at least 3
minutes.

2.2 Dynamic nuclear polarization and data analysis

The samples were polarized in a homebuilt DNP system at the
University of Florida utilizing an 89 mm room-temperature bore
superconducting Bruker magnet energized to 5 T as described
before.?® Samples were placed inside a cryostat and cooled down
to T = 1.2 K. Due to the difficulty in obtaining the *C thermal
NMR signal at cryogenic temperatures, only the relative *C
polarization levels were plotted for each of the DNP samples.
Relative >C DNP polarization levels were used in previous
studies to evaluate the effectiveness of DNP optimization
methods especially in sample preparation practices.'”**** To
ensure repeatability, all DNP measurements were done in trip-
licate. The mean values and standard deviations were calcu-
lated. The relative "*C NMR intensity was measured using
a Bruker Avance III console (Bruker Biospin, MA) connected to
a four-turn NMR saddle coil with a 24 mm height and 18 mm
diameter surrounding the sample in the cryostat. For the
polarization build up measurements, relative polarization level
was initially zeroed by a series of RF pulses. Each sample was
then polarized for up to 4 hours with continuous 50 mwW
microwave irradiation at a frequency of 140.71 GHz (4-oxo-
TEMPO) or 140.31 GHz (trityl OX063) using a microwave
source from Virginia Diodes, Inc. *C NMR polarization build
up was monitored every 200 s (4-0xo-TEMPO) or 300 s (trityl
0X063) using a single, low-tip angle pulse (30 ps, 10 W). A signal
acquisition time of 20 ms with 2048 data points was used fol-
lowed by 1 kHz line broadening and Fast Fourier Transform
(FFT). A linear baseline correction and zeroth order phase
correction were applied to the Fourier transformed data. NMR
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signal intensity was measured by absolute integration. For
determination of the optimal DNP microwave frequencies,
similar signal acquisition and processing parameters were
used, except polarization was monitored every 60 s for up to 12
minutes at each microwave frequency step. The DNP NMR data
were plotted and analyzed using Igor Pro version 6.1 (Wave-
metrics, OR).

3. Results and discussion

The results of the microwave frequency sweeps for reference
samples doped with either 4-oxo-TEMPO or trityl 0X063 radical
are shown in Fig. 2. The optimum microwave frequencies for
DNP are indicated by arrows, with both positive (P,) and nega-
tive (P_) maximum polarizations observed as expected. In trityl-
doped samples, the addition of trace Gd*" shifts the positive
and negative maxima by approximately 12 MHz toward the
center.

Fig. 3 and 4 show the relative **C polarization level of each of
the trityl- and TEMPO-doped samples, normalized with respect
to the reference samples which were set to unity. The data
indicate that glassing solvent deuteration leads to a significant
decrease, about 60%, in relative DNP-enhanced **C polarization
in the case of trityl-containing sample. On the other hand, this
sample preparation method leads to about 40% improvement
in the relative *C polarization for the sample doped with
TEMPO. These behavior with glassing solvent deuteration can
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Fig. 2 The microwave frequency dependency of **C polarization for
samples containing trityl (top) or TEMPO (bottom) electron spins.
Arrows indicate the location of positive and negative polarization
maxima.
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Fig. 3 The relative 3C polarization for trityl (top) and TEMPO-doped
samples (bottom) observed at B = 5 T, normalized with respect to the
reference samples (see text). In both plots, reference samples are
denoted by red circles, deuterated samples by blue triangles, and Gd**
doped samples by green diamonds.

be attributed to the differences in the nuclear Zeeman heat
load, depending upon which type of free radical is used for
DNP.15'17

As can be inferred from the structure, the nitroxide-based
free radical 4-oxo-TEMPO has a large g-anisotropy and hyper-
fine coupling contribution from the surrounding nuclei, thus
a relatively broad ESR linewidth of about 465 MHz at 5% base
was observed at 100 K using W-band ESR."” The ESR linewidth
of TEMPO is larger than the Larmor frequencies of both protons
(y = 42.58 MHz T~ ") and "*C (y = 10.7 MHz T ") spins even at 5
T. Therefore, in the TEMPO-doped samples, the DNP process is
expected to proceed predominantly via the thermal mixing
process where both 'H and '*C spins are simultaneously
polarized.”® In thermal mixing, the nuclear Zeeman system
(NZS) is being cooled down via thermal contact with the
microwave-cooled electron dipolar system (EDS), with both
systems eventually acquiring the same spin temperature.'>?**3?
The effectiveness of the DNP cooling process is affected by the
heat capacity of each system. The specific heat capacity of NZS,
Cy, is proportional to w;*, where w; is the Larmor frequencies of

RSC Adv., 2016, 6, 38855-38860 | 38857
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Fig. 4 The maximum polarization of the reference, deuterated, and
Gd**-doped samples containing trityl (a) or TEMPO (b) free radicals.

the NMR-active nuclei present in the DNP sample."® Substitu-
tion of protons with deuterons (*H y = 6.54 MHz T~ ') in the
DNP sample via deuteration of the glassing matrix lowers the
specific heat capacity of NZS due to the lower vy or Larmor
frequency of *H spins. Thermodynamically speaking, lower
specific heat capacity of the deuterated sample means that the
EDS can easily cool down the NZS, thus resulting in a lower
nuclear spin temperature or a larger nuclear spin polarization."”
Thus, glassing solvent deuteration is still recommended for *C
DNP at 5 T when wide ESR linewidth free radical such as 4-oxo-
TEMPO is used.

On the other hand, the case for the DNP with trityl 0X063 is
different. The carbon-centered free radical trity]l OX063 has
a narrow ESR spectrum with 5% base linewidth of 115 MHz at
W-band due to its highly symmetrical structure and its free
radical center is surrounded by mainly spin-less nuclei.’” The
ESR linewidth of trityl OX063 is comparable to the **C Larmor
frequency so thermal mixing is the expected predominant DNP
mechanism for **C and other low-y nuclei using trityl. It has
been shown in previous studies*>'® that indeed trityl is more
favorable for use in DNP of samples having low-y spins such as
3C. On the other hand, the Larmor frequencies of high-y nuclei
such as protons are much larger than the trityl ESR linewidth,
thus "H DNP with trityl is expected to proceed mainly via solid
effect.** This also means that, when trity] OX063 is used, the
proton Zeeman system is essentially decoupled from EDS, thus
EDS only has to cool down the '*C spins. However, substitution
of protons by deuterons in the glassing matrix leads to an

38858 | RSC Adv., 2016, 6, 38855-38860
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additional heat load for the EDS."** The *H Larmor frequency is
less than or comparable to the trityl ESR D, thus the >H NZS is
now thermally coupled to the trityl EDS. Microwave frequency
sweep of *H-enriched compound doped with trityl revealed that
its positive and negative polarization peaks almost overlap with
the optimum microwave frequencies of trityl-doped '*C samples
at3.35 Tand 1.4 K as reported in a previous study.® This implies
that EDS now has to cool down not only the *C spins but also
the ?H spins, eventually leading to slightly higher spin
temperature or relatively lower "*C DNP signal as shown in
Fig. 3 and 4."" Therefore, glassing solvent deuteration is not
beneficial for "*C DNP at 5 T when trityl 0X063 is used.

In the trityl-doped sample, it has to be emphasized that the
addition of Gd** results in a significant shift in the optimum
microwave frequency for polarization transfer.”®* Therefore, the
frequency for the microwave irradiation must be retuned when
Gd*" is used. The addition of 2 mM Gd*" in the trityl sample gives
merely a modest enhancement of 30% in the polarization at a field
of 5 T, in contrast to the 100-300% increase observed at B, = 3.35 T
using [1-"°C] pyruvate as a target nuclei.’*2' This result suggests
that the polarization enhancement by an addition of Gd**
decreases as the field increases. Interestingly, in the TEMPO-doped
samples, the inclusion of Gd*" results in a tiny decrease in the
polarization. Such decrease was not observed at 3.35 T, unless the
Gd*" concentration exceeds the optimum value.'® Both results
indicate that the benefits of adding Gd*" diminish at a higher field.

In order to explain the results of Gd** doping, we consider
the theoretical maximum limit of thermal mixing process in
DNP, which is given by'**®

We W 1 ) (1)

b i

where B8, = h/kgTy, (R, kg, Ty, are Planck's constant, the Boltz-
mann constant, and the lattice temperature, respectively). In
eqn (1), we, n (=T12/T1p), and fare the Larmor frequency of the
electron spins, the ratio of the electronic Zeeman relaxation
time (T,7) to the dipolar spin-lattice relaxation time (T;p), and
the “leakage factor”, respectively. It has been reported that the
addition of Gd*" has negligible effect on ESR linewidth D.>” The
Larmor frequencies are the same for both the reference and Gd-
doped samples thus, it leaves the factor 1/y/7(1+f) as the
potential source of enhancement. The Gd®* ions affect the
polarization mainly by lowering the relaxation time for the

P..x = tanh (

electronic Zeeman system T;, with no significant effect on the
relaxation times of the nuclei.*® Therefore, this suggests that the
polarization enhancement due to Gd*" doping is a result of
decreasing 7. As mentioned before, the improvement in B¢
DNP due to Gd-doping for trityl-doped samples is less
pronounced at 5 T compared to the DNP optimization results
observed at 3.35 T."** This behavior may be ascribed to the fact
that the trityl electron T} are already shorter at higher magnetic
fields,” thus it is likely the extent of electron T; reduction by Gd
doping at higher fields is also less pronounced. Further ESR
studies may be needed to elucidate this effect at higher
magnetic fields. Nevertheless, Gd** doping is still advantageous
for '*C DNP at 5 T using trityl OX063 as the polarizing agent.

This journal is © The Royal Society of Chemistry 2016
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4. Conclusion

In conclusion, it has been shown that at B, = 5 T, glassing
solvent deuteration is still beneficial for ">*C DNP when large
ESR linewidth free radical such as 4-oxo-TEMPO is used. This
effect results from the lowering of the heat capacity of the
nuclear Zeeman system upon substitution of 'H with *H spins,
thus lowering the heat load for cooling by the electron dipolar
system. Deuteration of the glassing matrix, however, is not
recommended for "*C DNP using trityl 0X063 at 5 T. Deutera-
tion in the case of trityl 0X063 leads to a larger heat load to the
nuclear Zeeman system, by creating an additional thermal link
between the H nuclear Zeeman system of the solvent and the
electronic dipolar system, so '*C polarization decreases. In
addition, inclusion of trace amounts of Gd** shifts the optimum
microwave frequency for '*C DNP, so care must be taken when
performing these experiments. A very slight decrease in '*C DNP
signal were observed when Gd*" is added to TEMPO-doped
samples. On the other hand, Gd*' doping is still recom-
mended for *C DNP at 5 T when trityl OX063 is used as the
polarizing agent. The improvement, however, is relatively
modest compared to the results at 3.35 T and this may be
attributed to changes in electron relaxation behavior at higher
fields. The optimization data obtained in this work may be
useful in DNP sample preparation at higher fields, especially
with the advent of the commercial clinical hyperpolarizer
SPINlab™ which operates at a field of 5 T.
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