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Abstract
Hyperpolarized 89Y complexes are attractive NMR spectroscopy and MR imaging probes due to
the exceptionally long spin-lattice relaxation time (T1≈10 minutes) of the 89Y nucleus. However,
in vivo imaging of 89Y has not yet been realized because of the low NMR signal enhancement
levels previously achieved for this ultra low-γn nucleus. Here we report liquid-state 89Y NMR
signal enhancements over 60,000 times the thermal signal at 298 K in a 9.4 T magnet, achieved
after the dynamic nuclear polarization (DNP) of Y(III) complex of 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) samples at 3.35 T and 1.4 K. The 89Y
DNP was shown to proceed by thermal mixing and the liquid state 89Y NMR signal enhancement
was maximized by i) establishing the optimal microwave irradiation frequency, ii) optimizing the
glassing matrix, iii) choosing a radical with negligible inhomogeneous line broadening
contribution to the ESR linewidth, and iv) addition of an electron T1e relaxation agent. The highest
enhancements were achieved using a trityl OX063 radical combined with a gadolinium relaxation
agent in water-glycerol matrix. Co-polarization of 89YDOTA and sodium [1-13C]pyruvate showed
that both 89Y and 13C nuclear species acquired the same spin temperature, consistent with thermal
mixing theory of DNP. This methodology may be applicable for the optimization of DNP of other
low-γn nuclei.
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Introduction
Nuclear magnetic resonance (NMR) spectroscopy is one of the most important structure
elucidation techniques in chemistry and biochemistry. NMR is also the underlying principle
of magnetic resonance imaging (MRI), an important clinical imaging modality that can non-
invasively provide exquisite high resolution images of soft tissues throughout the body. The
NMR signal intensity depends on the nuclear spin polarization P which is the proportional to
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the surplus number of nuclear spins in a Zeeman energy level. In thermal equilibrium, the
nuclear spin population distribution is governed by the Boltzmann statistics and P is given
by the Brillouin function which, for a spin-1/2 system, is written as P=tanh(μB/kT) where μ
is the magnetic moment, B is the applied magnetic field, k is the Boltzmann constant, and T
is the temperature.1,2 The magnetic moment μ of a nucleus with a spin quantum number I is
given by μ=γnħ I where γn is the gyromagnetic ratio and ħ is the Planck’s constant divided
by 2π. Since at ambient conditions the magnetic energy μB of the nuclear spins is much
lower than its thermal energy kT, NMR has inherently low sensitivity which particularly
hampers magnetic resonance spectroscopy and imaging of nuclei with low γn.3–5

Dynamic nuclear polarization (DNP) offers an elegant solution to this low-sensitivity
problem by creating a non-thermal equilibrium spin state population of the observed nuclei.
The sample containing the target nuclei is typically doped with a paramagnetic species
(organic free radicals or paramagnetic metal complexes) in a glassing matrix. DNP is
achieved by transferring the high electron thermal polarization (due to the robust electronic
gyromagnetic ratio γe ≈ 28,000 MHz/T) to the nuclear spins at low temperature (close to 1
K) and in high magnetic field (> 1 T) via microwave irradiation near the electron resonance
frequency.3–5 Until recently, the DNP technology has been used exclusively for production
of polarized targets for nuclear and particle physics experiments.3–5 The technique gained
practical importance in chemistry and biomedical imaging when it was shown by the pivotal
work of Golman and Ardenkjaer-Larsen6 that the frozen polarized sample can be dissolved
using a fast-dissolution method to produce solutions containing highly-polarized
(hyperpolarized) 13C and 15N-labeled compounds that can be used for in vitro and in vivo
NMR spectroscopy and imaging at physiological temperatures.6–18

89Y (I = 1/2, γn = 2.0864 MHz/T, 100 % natural isotopic abundance) is an attractive nucleus
for the design of responsive magnetic resonance spectroscopy and imaging probes because
of the sensitivity of the 89Y NMR chemical shift to the coordination environment of the
Y(III) ion. This sensitivity has been exploited in the design of 89Y NMR probes to study
protein structure20 and to report pH21. However, unlike proton, 89Y has a very low γn, and
consequently, at ambient temperature an ensemble of 89Y spins in thermal equilibrium has
extremely low nuclear polarization (P=1.578×10−4 % at 9.4 T and 298 K). This low thermal
polarization, combined with a long nuclear spin-lattice relaxation time T1, makes 89Y one of
the most challenging nuclei for conventional NMR and MRI.

Recently, we have shown that various 89Y complexes such as YDOTA (Chart 1) can be
hyperpolarized with commercially available hardware using the trityl radical OX063 as the
polarizing agent.19,21 In preliminary experiments19,21 we achieved only modest 89Y signal
enhancements (up to 3,000 over thermal equilibrium at 310 K) that were not sufficient for
imaging applications. Therefore, the goal of the present work was to optimize the
experimental parameters associated with DNP of 89Y to achieve a polarization level that
would enable us to perform in vivo imaging of hyperpolarized yttrium complexes.19,21,22

Here we show that we can enhance the room-temperature NMR signal of 89Y up to 65,000
times the thermal signal via the fast-dissolution DNP technique. This is significant progress
towards developing hyperpolarized 89Y-complexes as in vivo NMR and MRI probes where,
in this case, the long T1 of 89Y translates into a long polarization lifetime allowing the
observation of biological processes occurring on a longer timescale.

Experimental Methods
Materials

The yttrium(III) complex of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(YDOTA) was prepared as a sodium salt as previously described.19 The yttrium content of
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each batch of YDOTA was determined by ICP-MS (Galbraith Labs). The trityl radical
tris{8-carboxyl-2,2,6,6-benzo(1,2-d:4,5-d)-bis(1,3)dithiole-4-yl}methyl sodium salt
(OX063) was obtained from Oxford Instruments Molecular Biotools, while 4-oxo-2,2,6,6-
tetramethypiperidine-1-oxyl (TEMPO) and 4-oxo-2,2,6,6-tetramethypiperidine-d16-1-oxyl
(TEMPO-d16) were both obtained from Sigma-Aldrich. All other chemicals and solvents
were obtained from commercial sources and were used without further purification.

Dynamic nuclear polarization (DNP) of YDOTA
The YDOTA samples were prepared for DNP by dissolving YDOTA in the appropriate
glassing agent to obtain a saturated solution and then doped with the paramagnetic species.
Prior to microwave irradiation, the samples (40 μL) were quickly frozen in liquid nitrogen to
ensure glass formation. The DNP was performed using an Oxford HyperSense commercial
polarizer following previously published procedures.9,19,21 The frozen sample was
immediately inserted into the HyperSense polarizer (1.4 K) then irradiated with microwaves
(100 mW) at a frequency near the ESR frequency (approximately 94 GHz at 3.35 T) of the
radical. After 5–9 hours of polarizing time, 4 mL superheated water was injected into the
sample holder and 3.5 mL solution was transferred into a 10 mm NMR tube in a 9.4 T high
resolution magnet via a teflon tube with a transfer time ttr of 8 s for 89Y NMR spectrum
acquisition.

Liquid-state NMR enhancement calculation
The NMR signal intensity serves as a “thermometer” of spin temperature Ts of the nuclear
spin system.23,24 Here the NMR signal enhancement is defined as ε = Php/Pth where Php is
the DNP-enhanced polarization corresponding to a spin temperature Ts and expressed as Php
= tanh(hνn/2kBTs) while Pth is the thermal polarization at a given lattice temperature TL and
written as Pth= tanh(hνn/2kBTL). Experimentally, the liquid-state NMR signal enhancement ε
is determined by calculating the ratio of the integrated area of the T1-corrected
hyperpolarized (HP) signal Ahp over the thermal equilibrium NMR signal Ath:

(1)

where the subscripts hp and th denote the parameters measured in the hyperpolarized and
thermal equilibrium states, respectively. The ratio (sin θth/sin θhp) denotes the rf flip angle
correction factor while (cth/chp) is the concentration correction factor to ensure that the ratio
of the signal intensity in both states are based on equal spin count. Typically, a 90-degree
flip angle is used to get the spectra on both states so the correction factor (sinθth/sinθhp) is
unity. As described previously, 40 μL aliquots of sample are used for solid-state
polarization; the solid-state concentration is diluted to 3.5 mL in the liquid-state, so the
dilution factor is 1/88. The 89Y NMR signal measured in a 3 M YCl3 aqueous solution was
used as the reference thermal signal since no thermal 89Y NMR signal could be detected
from the diluted dissolution liquids even after several hundred acquisitions. The factor exp(t/
T1) accounts for the loss of the hyperpolarized NMR signal due to relaxation during the
dissolution transfer with t = ttr = 8 s. However, the effect of the T1-correction factor on
the 89Y enhancement is negligible due to the very long T1 of the nucleus, and therefore, it
was ignored.

Nuclear spin-lattice relaxation time (T1) measurement
YDOTA samples (160 μL) were polarized for 2 hours using a method described previously.
The polarized sample was diluted to 3.5 mL solution after dissolution (dilution factor of
1/22). 1 mL of the dissolved liquid was immediately placed in a 10 mm NMR tube where
the sample volume is within the NMR coil. The decay of the hyperpolarized signal was
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monitored by taking a spectrum with 10-degree rf pulse every 30 s. All liquid-state T1
measurements were done in a 9.4 T magnet at 298 K.

Co-polarization of YDOTA and sodium [1-13C]pyruvate
A solution of YDOTA (0.14 M) and sodium [1-13C]pyruvate (0.75 M) in 1:1 glycerol:water
was doped with trityl OX063 radical (15 mM) and ProHance® (2.5 mM). 40 μL aliquots
were polarized as described previously.

Results and Discussion
Thermal mixing

The maximum attainable nuclear polarization is determined by the dominant mechanism of
DNP. The two main mechanisms of DNP are thermal mixing and the solid effect; their
contribution to the overall nuclear polarization enhancement strongly depends on the
experimental conditions such as the applied field of the polarizer, temperature, and the EPR
properties of the paramagnetic species.3,5 A brief qualitative discussion of these processes
will aid the interpretation of the results of this work. The microwave-driven transfer of the
polarization of the electrons to the nuclear spins can be thermodynamically described by the
thermal interaction of three systems: i) the nuclear Zeeman, ii) electron Zeeman, and iii) the
electron spin-spin interaction (SSI) reservoirs.3–5,26–27 If the EPR linewidth of the radical D
is comparable to the nuclear Larmor frequency νn and the concentration of the paramagnetic
species is high enough to maintain strong electron dipolar interactions, then the electron SSI
and the nuclear Zeeman reservoirs are “thermally coupled” and polarization transfer is
achieved by thermal mixing mechanism.3,27 Thermal mixing occurs in two consecutive
steps:5,27 first, the electron SSI reservoir is cooled by the electron Zeeman system whose
spin temperature is lowered due to the microwave-driven reduction of the effective magnetic
field seen by the electrons in a reference frame rotating with the rf magnetic field.25 This
process is analogous to the adiabatic demagnetization described by the Redfield theory.28,29

In the second step, two electrons perform a flip-flop transition in an energy-conserving
process releasing a quantum of energy ħω that excites a nuclear transition, lowering the spin
temperature of the nuclear spins. As a result, the electrons and all nuclear species achieve a
common spin temperature, Ts under microwave irradiation. On the other hand, when νn is
significantly greater than D, then the nuclear Zeeman and electron SSI reservoirs are
“thermally decoupled” and instead of thermal mixing, the DNP proceeds via the so-called
solid effect. This mechanism involves one electron and one nuclear spin and arises from the
microwave excitation of forbidden transitions involving both spins simultaneously. Since the
probability of the forbidden transitions is low, the solid effect is much less efficient than
thermal mixing.3, 27, 30

The microwave DNP spectrum of 89YDOTA
The frequency of the applied microwave radiation is one of the most important parameters
in microwave driven DNP. Typically, the dependence of the solid-state nuclear polarization
or NMR signal enhancement on the microwave irradiation frequency (the microwave DNP
spectrum) follows a curve with a maximum and minimum located downfield and upfield of
the EPR resonance frequency of the paramagnetic polarizing agent, respectively. These
frequency values correspond to the highest positive and negative nuclear polarization (see
Figure 1). Obviously, these frequency values should be used in the DNP experiment to
obtain the highest signal enhancement. Experimentally, for 13C-labeled compounds, the
microwave sweep is easily performed using the tunable built-in NMR coil of the polarizer.
However, in our case, the solid-state 89Y NMR signal could not be detected because of
spurious NMR ringing signals which are dominant at the low NMR frequency of 89Y and
the low temperature of the DNP. This forced us to measure the liquid-state NMR
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enhancements for each data point of the 89YDOTA microwave frequency sweep (Figure 1)
in a separate sample.

These values represent the polarization 8 s after dissolution due the transfer from the
polarizer to the magnet. However, because of the long T1 of 89YDOTA, there is only a
negligible loss of polarization during the transfer of the dissolution liquid. The microwave
sweep of 89YDOTA (Figure 1) in the presence of the trityl OX063 radical is very similar to
that of 13C-labeled pyruvate with nearly the same separation of positive and negative
polarization peaks (see Figure S1 in Supporting Information).

The microwave DNP spectrum also offers the possibility of deducing the underlying
mechanism of DNP. Theoretically, a high temperature approximation of the density matrix
describing the DNP process is given by the Provotorov theory,3,31 however, it should be
pointed out that the Provotorov equations are not valid at the operating temperature of the
HyperSense polarizer (1.4 K). A qualitative description of the DNP at this temperature is
provided by the Borghini model,3,25 which is derived from the Redfield theory (see a brief
description of the the Borghini model in the Supporting Information). Simulations of 13C-
labelled samples doped with trityl OX06332 and TEMPO33 radicals at 3.35 T using the
Borghini model revealed that the computed polarization values are generally higher than the
experimental data—an indication that the model is incomplete and needs to incorporate
several factors involved in the experimental setup. Nevertheless, the Borghini approximation
provides an acceptable qualitative description of the microwave DNP spectrum and correctly
predicts one of the most characteristic feature of thermal mixing, namely, the maximum
positive and negative enhancements of all nuclei in the thermal mixing regime (D ≥ νn), are
achieved at the same microwave frequency.25 Previous DNP experiments with 13C and 15N
labeled urea in the presence of a trityl radical using the HyperSense polarizer have shown
that the underlying mechanism of DNP is thermal mixing for both of these nuclei.
Therefore, considering the extremely low Larmor frequency νn of 89Y, we anticipated that
thermal mixing is the dominant mechanism for 89Y DNP as well. This was confirmed by the
experimental data (Figure 1), which show no or negligible contribution from the solid effect.
If the underlying mechanism of 89Y DNP were the solid effect,3,30 then the polarization
peaks would be separated by 2νn =14 MHz which is not the case here.

The dependence of 89Y DNP on the ESR linewidth
Experimental data in the literature for deuteron DNP have shown that even within the
thermal mixing regime, nuclear polarization levels are higher when radicals with narrower
ESR linewidths are used.34,35 We observed a similar trend when the effect of ESR linewidth
on the 89Y enhancement was studied. YDOTA samples were polarized in glycerol:water
matrix in the presence of free radicals with markedly different ESR linewidth: trityl OX063,
4-oxo-TEMPO and 4-oxo-TEMPO-d16. The optimal frequency for DNP with nitroxides was
determined using a 4-oxo-TEMPO-doped sodium [1-13C]pyruvate sample (see Figure S2).

The carbon-centered trityl OX063 has the narrowest ESR linewidth (full-width half
maximum D~63 MHz34) among these three radicals because its paramagnetic central carbon
atom is surrounded by I = 0 nuclei to eliminate hyperfine coupling and the broadening due
to g anisotropy is suppressed by its symmetrical structure.34 In contrast, the ESR linewidth
of nitroxyl radicals is around 6 to 10 times wider than that of trityl under DNP conditions.36

The main source of line broadening in nitroxyls is the g-anisotropy and the interaction of the
unpaired electron with the 14N and 1H nuclei. Based on literature data,37,38 deuteration of
the C-H bonds in nitroxyl decreases the linewidth about half at low field (X-band, 23 °C) but
the effect is much less at higher field. It should be noted, however, that it is quite difficult to
give a definitive linewidth for nitroxyl radicals because the ESR spectrum changes
dramatically with field strength and temperature.
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As expected, the trityl radical gave the highest 89YDOTA enhancements (Table 1). While
the nitroxyl radicals (4-oxo-TEMPO, 4-oxo-TEMPO-d16) did not perform as well as the
trityl OX063, they did produce considerable nuclear polarization enhancement. Samples
doped with the deuterated nitroxyl radical derivative 4-oxo-TEMPO-d16 worked slightly
better than the undeuterated 4-oxo-TEMPO owing to the weaker hyperfine interaction of the
paramagnetic electron with deuterons (γn=6.54 MHz/T) than with protons (γn=42.577 MHz/
T). The dependence of polarization on the EPR linewidth can be understood based on the
thermodynamic treatment of thermal mixing: the heat capacity of the non-Zeeman electron
reservoir is given by CnZ=NAD2 where N is the number of electrons, A is the proportionality
constant, and D is the EPR linewidth that includes all homogeneous and inhomogeneous line
broadening effects originating from variations in the local magnetic field and can therefore,
be written as D2=γe(Bhom

2+Binh
2).35 The inhomogeneous contribution to the ESR linewidth

originating from hyperfine interactions and g-anisotropy can be more than an order of
magnitude larger than the homogenous contribution for nitroxyl radicals. Since dynamic
cooling of the electron dipole-dipole reservoir by the microwave irradiation and
consequently, thermal mixing is more efficient when the heat capacity of this reservoir is
smaller, radicals that have a narrow ESR linewidth with small or no inhomogeneous
contribution to the line broadening should produce higher nuclear polarization.34,35 The
spin-lattice relaxation times of YDOTA samples doped with nitroxyl radicals have slightly
lower values because of the higher concentration of paramagnetic agents present in the
liquid state (Figure S3). For practical purposes, nitroxyls as polarizing agents for 89Y, 15N,
or 13C can be considered as a less costly alternative to trityl although lower nuclear
polarizations are achieved.

The effect of the glassing agent
The composition of the frozen matrix is a key parameter for DNP. One of the necessary
conditions for efficient thermal mixing is strong dipole-dipole interactions between electron
spins that resonate at different frequencies in the ESR spectrum. In general, this requires an
isotropic glass matrix, in which the orientation of the molecules is uncorrelated. In addition,
both the compound to be polarized and the free radical must be soluble in the glassing agent.
We have studied various water-glassing agent mixtures for the DNP of YDOTA (water,
DMSO, methanol, 1,3-propanediol, ethylene glycol, 18-crown-6, and glycerol) and the
enhancement data are shown in Table 1.

The viscous glass formers such as ethylene glycol, glycerol, 18-crown-6, and 1,3-
propanediol gave the best 89Y polarization. Surprisingly, a small enhancement was observed
using pure water despite an expected formation of crystalline matrix. A possible explanation
for this interesting observation may involve the formation of regions of amorphous ice when
a droplet of saturated YDOTA solution is rapidly cooled.39 The wide range of NMR
enhancements obtained in different glassing matrices (Table 1), with values ranging from
2,000 to 20,000, suggests that the nuclear polarization of the target solute is highly
dependent on the microscopic properties of the glassing matrix.40 We have selected glycerol
as the preferred glass former for subsequent optimization measurements because it is
compatible with planned in vivo experiments. Another important observation is that the 89Y
NMR signal enhancement monotonically increased with increasing glycerol content in water
but this comes at the expense of lower solubility of YDOTA (see Figure 2b and 2c). This
implies that the DNP of YDOTA is more efficient in glassing mixtures with high glycerol
content. For practical applications, however, it is more advantageous to produce
concentrated solutions of hyperpolarized compounds and so a glassing matrix composed of
1:1 vol/vol glycerol:water appears to be optimal since this affords relatively high NMR
enhancement and reasonably high hyperpolarized YDOTA concentrations. It is interesting to
note that among the glassing agents we have tried, the water: 18-crown-6 mixture produced
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the highest 89Y NMR signal enhancement. While using a crown ether as a glassing agent for
biomedical purposes is not practical, one may speculate whether the formation of Na+-18-
crown-6 complexes play a role in the DNP, for example, by preventing the formation of
Na+-[YDOTA]− ion pairs. The 23Na has a spin of 3/2 and a quadrupole moment of 104 mb
and may affect the solid state relaxation times. Assuming a logK of 0.8 for the
thermodynamic stability of Na[18-crown-6], in a glassing mixture containing 25% crown
ether, about 90% of the Na+ ions is complexed by 18-crown-6.41

The effect of Gd(III) relaxation agent
Earlier studies demonstrated that the presence of trace amount of a T1 relaxation agent such
as GdCl3 or a Gd(III)-complex increases the solid state polarization build-up of 13C-labeled
compounds.15,32 This observation prompted us to study the effect of the relaxation agent
ProHance (gadolinium complex of 10-(2-hydroxy-propyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triacetic acid) (Chart S1) on the nuclear polarization
enhancement of YDOTA.

Addition of ProHance to an YDOTA sample doped with 15 mM trityl radical in a 1:1
glycerol:water matrix dramatically improved the 89Y polarization buildup: over three-fold
increase in the enhancement at 9.4 T and 298 K, from 18,000 to 65,000, was observed at the
optimal concentration of ProHance (2.5 mM). Higher concentrations of ProHance reduced
the polarization level dramatically. (Figure 3a). The 89Y polarization buildup as a function
of time was measured in the presence and absence of ProHance (Fig. 3a). The lines represent
fits to the exponential equation:

(3)

where P0 is the baseline, Pmax is the maximum polarization achieved, and τbu is the
polarization buildup time constant. The slower polarization buildup is in the presence of the
Gd-complex probably reflects the relaxation-enhancing effect of Gd(III) on the solid-state
nuclear T1 of 89Y spins (Figure 3b).

Since the liquid-state 89Y T1 relaxation time can also be affected by the Gd(III), the T1
relaxation time of 89YDOTA was measured in Gd(III) containing samples. Figure 4a shows
the liquid-state T1 decay of hyperpolarized 89Y from YDOTA samples with different Gd(III)
concentration. The T1 values were obtained by the fitting of hyperpolarized NMR signal
decay to Equation 4 that also includes the effect of radiofrequency (rf) pulsing with a given
flip angle θ:42

(4)

where TR is the repetition time and M0 is the original magnetization before the rf pulse.

It should be noted that at the optimal Gd(III) concentration (2.5mM) the liquid state T1
of 89Y is only slightly reduced, however, as expected, at higher concentrations the T1
shortening effect of Gd(III) becomes more pronounced (Figure 4b).

The 89Y nuclear polarization enhancing effect of Gd(III) can be understood by considering
its effect on the spin temperature. Maximum polarization is attained when the spin
temperature is at minimum (Eq. 5). Under DNP conditions, the minimum spin temperature
can be predicted using Equation 6:34
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(5)

(6)

where D is the ESR linewidth, f is the nuclear relaxation leakage factor and η the ratio of the
electronic Zeeman and dipolar relaxation rates (TZ

1e/TD
1e). 34 From thermodynamic point of

view, TZ
1e is the heating rate of the dipolar reservoir and TD

1e is the cooling rate of the
electron Zeeman reservoir.35 To achieve the minimum spin temperature of the nuclear
Zeeman system, the electron Zeeman system should be strongly coupled to the lattice (short
TZ

1e) while the electron dipolar system has to be weakly coupled to the lattice (long TD
1e).35

It is likely that the presence of a Gd(III) relaxation agent shortens the Zeeman TZ
1e of the

free radical thus reducing the ratio η. This leads to a lower Ts and consequently higher
nuclear polarization level. This is in agreement with reported experimental data which show
that the (Zeeman) electronic relaxation rate of the trityl OX063 radical is dramatically
shortened by GdCl3 where at 3.35 T and 1.2 K (the T1e of trityl is close to 1 second and was
reduced by almost one-third with the addition of 1 mM Gd(III)).32 Addition of Gd(III)
above 2.5 mM in the solid-state sample leads to longer polarization buildup times (Figure
3a) and lower polarization levels, which may be attributed to the competition of polarization
buildup and spin-lattice relaxation of nuclear spins.

Heteronuclear co-polarization of 89YDOTA and sodium [1-13C]pyruvate
To further establish thermal mixing as the main DNP mechanism for 89Y and to directly
compare the effect of Gd(III) relaxation agent on the polarization buildup and T1 values
of 89Y and 13C, we performed an experiment in which 89YDOTA and sodium [1-13C]
pyruvate were co-polarized in the presence of ProHance. In thermal mixing, 89Y and 13C
nuclear spins should acquire the same spin temperature even in the presence of Gd(III).
Samples containing YDOTA (0.14 M), sodium [1-13C]pyruvate (0.75 M), and ProHance®
(2.5 mM) in glycerol:water (1:1) were polarized using trityl OX063 radical (15 mM) as
polarizing agent. The 13C polarization buildup (Figure 5a) was followed using the built-in
solid state NMR probe of the HyperSense polarizer while the 89Y polarization was measured
in the liquid state after dissolution and transfer. Each datapoint in the 89Y polarization
buildup curve in Figure 5a represents a separate DNP experiment. The data collected in this
experiment provides a strong evidence for thermal mixing between the nuclear species 89Y
and 13C and the dynamically-cooled SSI reservoir. When the 13C polarization achieved 37.3
%, the 89Y polarization was 7.72 %. These polarization levels correspond to a common spin
temperature of Ts(89Y) = Ts(13C) ≈ 2.2 mK in the solid state (calculated using Eq. 5).

The 89Y and 13C enhancement data at each timepoint in Figure 5 is in excellent agreement
with the equal spin temperature (EST) prediction of the Borghini model indicating that at all
times during microwave irradiation both nuclear spin species share the same spin
temperature. This nicely corroborates with the established observation26,43,44 that the
thermal mixing time of nuclear Zeeman reservoirs with the electron SSI reservoir is an
extremely fast process relative to the nuclear polarization buildup time.

We also determined the liquid state spin-lattice relaxation times of both nuclei in this set of
experiments. The liquid-state 13C T1 of pyruvate sample doped with ProHance was found to
be around 24.3 s (298 K, 9.4 T), significantly shorter than the reported T1 (47 s at 11.7 T and
67 s at 3 T). The 89Y T1, in accordance with T1 measurements discussed earlier, was not
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affected significantly. These results are not surprising since the relaxation effect of Gd(III) is
mediated by dipolar interactions and therefore, proportional to the gyromagnetic ratio of the
nucleus. The decay of hyperpolarized 13C and 89Y NMR signals are shown in Figure 5b and
the significantly slower decay of the 89Y signal clearly demonstrates the advantage of a long
T1 value in preserving the polarization.

The challenge of polarizing low γn nuclei is well illustrated in Figure 6, which is a plot of
the 89Y polarization versus 13C polarization with spin temperature (irradiation time) as the
implicit parameter. Since in thermal mixing the nuclei have equal spin temperature,
Ts(89Y)=Ts(13C), the 89Y polarization P(89Y) can be expressed as a function of 13C
polarization P(13C):

(7)

In the low polarization limit, this equation reduces to the linear P(89Y) ≈ (89γn/13γn)P(13C).
The graph in Figure 6 predicts that, for example, in order to achieve an 89Y polarization of
30 %, one must be able to polarize 13C to 92 %. To the best of our knowledge, the
highest 13C polarization level reported in the literature is around 40–60%.6,45,46 The right
and top scales of Figure 6 show the room-temperature 89Y and 13C NMR enhancements that
correspond to these polarizations in a 9.4 T magnet. The theoretical NMR signal
enhancement for fully polarized samples (P=100 %) at 9.4 T and 298 K is 613,000 for 89Y
and 123,000 for 13C. Thus, there is room for improvement and, since the spin temperature of
DNP-enhanced nuclear spins is directly proportional to the lattice temperature (Eq. 6),
further increases in nuclear polarization could be achieved by lowering the TL below 1.4 K.
The reported working base temperature of current homebuilt DNP polarizers is close to 1.0
K.6,33,47 Obviously, decreasing the lattice temperature down to the millikelvin range
using 3He cryogenic systems and dilution refrigerators35 would result in even higher
polarization levels, but a number of engineering challenges would have to be addressed to
incorporate the fast dissolution device in such a polarizer. The advantage of lowering the
lattice temperature has been demonstrated in deuteron polarization studies where
polarization levels as high as 81 %35 have been achieved at TL=150 mK and 2.5 T using
trityl OX063 radical as the paramagnetic agent (these polarizers did not include a dissolution
system). The maximum 2H polarization level achieved under these conditions corresponds
to a spin temperature Ts≈0.44 mK at 2.5 T. Another possible method to increase the nuclear
polarization is performing the DNP in stronger magnetic field, which theoretically leads to
lower spin temperature as depicted in Equation 6. However, experiments on 2H polarization
via thermal mixing in deuterated butanol samples doped with TEMPO and paramagnetic
Cr(V)-based polarizing agents showed that increasing the field above 3.5 T lead to lower
polarization due to the strong response of the g-anisotropy of these radicals with increasing
magnetic field.35

Conclusion
In summary, we have achieved 89Y polarization levels up to 10 %, which corresponds to
65,000-fold enhancement of the thermal NMR signal at room temperature in a 9.4 T magnet.
The increase of 89Y polarization level was achieved through i) establishing the optimal
microwave irradiation frequency, ii) optimizing the glassing matrix, iii) choosing a radical
with negligible inhomogeneous line broadening contribution to the ESR linewidth, and iv)
addition of an electron T1e relaxation agent. Heteronuclear co-polarization experiments
of 89YDOTA and sodium [1-13C]pyruvate unequivocally established thermal mixing as the
underlying mechanism of DNP for these nuclei. Addition of a T1e relaxation agent resulted
in a dramatic increase in both the 89Y and 13C polarization levels and as expected, had only
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a small effect on the T1 relaxation time of the 89Y nucleus. The DNP optimization details
here are vital for obtaining higher enhancements for future in vivo imaging applications
using hyperpolarized 89Y complexes. The methodology to optimize nuclear polarization as
described here may also be applicable for enhancing the DNP signals of other NMR-active
nuclei.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
89Y polarization of the yttrium complex of 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) (0.28 M in 1:1 vol/vol glycerol:water doped with 15 mM OX063
trityl radical) as a function of microwave frequency. The up and down arrows indicate the
positive and negative polarization peaks, respectively. Each datapoint represents a separate
DNP experiment.
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Figure 2.
(a) Relative 89Y liquid-state NMR signal at 9.4 T and 298 K in the hyperpolarized (HP) and
thermal states (3.4 mM) and thermal signal from aqueous YCl3 sample (3 M). (b) Maximum
YDOTA concentration in varying glycerol volume percent in aqueous solution. (c)
Corresponding liquid-state NMR enhancement of samples (N = 3) doped with trityl and
TEMPO as a function of varying glycerol volume in water.
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Figure 3.
Effect of Gd(III) doping. (a) Room-temperature liquid-state NMR enhancement as a
function of Gd doping in the solid-state. The dilution factor of the Gd concentration after
dissolution is 1/88. Maximum enhancement is achieved with 2.5 mM Gd doping. Each
datapoint represents an average of three separate DNP experiments. (b) Polarization buildup
curves of 0.28M YDOTA samples in 1:1 glycerol:water glassing matrix doped with 15 mM
trityl and Gd (0 mM, 2.5 mM, 10 mM). Each datapoint represents a separate DNP
experiment.
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Figure 4.
(a) Decay of hyperpolarized 89Y NMR signal of YDOTA samples doped with different Gd
concentrations (dilution factor of concentration from solid-state to liquid-state is 1/22). The
solid lines are fits to Equation 4. Each point corresponds to the integrated spectral area taken
every 30 s with a 5-degree flip angle. Each curve represents a separate DNP experiment. (b)
Liquid-state state T1 as a function of Gd doping. Each datapoint represents an average of
three separate DNP experiments.

Lumata et al. Page 15

J Am Chem Soc. Author manuscript; available in PMC 2012 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Co-polarization of 13C and 89Y spins: (a) Polarization buildup of samples
with[1-13C]pyruvate (left axis) and 89YDOTA (right axis) doped with 15 mM trityl OX063
and 2.5 mM Gd(III) at 1.4 K and 3.35 T. Each datapoint in the 89Y buildup curve represents
a separate DNP experiment. (b) Decay of hyperpolarized 13C (θ f lip = 2 deg, TR = 2 s)
and 89Y (θ f lip = 10 deg, TR = 30 s) NMR signals at room temperature after dissolution.
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Figure 6.
89Y (left axis) versus 13C (bottom axis) polarization plotted with spin temperature Ts as the
implicit parameter. The data points were taken from Figure 5. The mirror axes correspond to
the 89Y and 13C NMR signal enhancement at 9.4 T and 298 K. The solid line is the thermal
mixing prediction (Equation 6) where both nuclear spin species acquire the same Ts in the
solid-state under microwave irradiation and the dashed line is from the fit P(89Y) =
(89γn/13γn)P(13C). Inset: Thermal mixing model where the 89Y and 13C nuclear Zeeman
reservoirs are in thermal contact with the electron spin-spin interaction reservoir which is
dynamically cooled by microwave irradiation.
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Chart 1.
Structure of YDOTA
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Chart 2.
Free radical polarizing agents used in this work.
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Table 1

Summary of the dependence of room-temperature liquid-state 89Y NMR enhancement on the choice of
glassing agents and radicals. The NMR enhancements (N = 3) were measured in a 9.4 T magnet at 298 K after
dissolution of samples polarized for 9 hours at 1.4 K and 3.35 T. Maximum soluble concentration of Y-DOTA
were used in different glassing agents mixed with 50 % water by volume. The error bar in the enhancement is
within 5–8 %.

Glassing matrix Radical/conc (mM) YDOTA (M) Enhancement % Polarization

Pure water Trityl/15 0.48 2,200 0.35

Glycerol:water Trityl/15 0.28 17,700 2.79

Glycerol:water TEMPO/40 0.28 4,600 0.73

Glycerol:water TEMPO-d16/40 0.28 5,400 0.85

18-Crown-6:water Trityl/15 0.27 20,400 3.22

Ethylene glycol:water Trityl/15 0.24 12,600 1.99

DMSO:water Trityl/15 0.24 2,900 0.46

1,3-propanediol:water Trityl/15 0.24 18,500 2.92

Methanol:water Trityl/15 0.24 3,000 0.47
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