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Abstract

The growing interest in magnetic resonance imaging (MRI) for assessing regional lung function
relies on the use of nuclear-spin hyperpolarized gas as a contrast agent. The long gas-phase
lifetimes of hyperpolarized 12°Xe make this inhalable contrast agent acceptable for clinical
research today despite limitations such as high cost, low throughput of production and challenges
of 129Xe imaging on clinical MRI scanners, which are normally equipped with proton detection
only. We report on low-cost and high-throughput preparation of proton-hyperpolarized diethyl
ether, which can be potentially employed for pulmonary imaging with a non-toxic, simple, and
sensitive overall strategy using proton detection commonly available on all clinical MRI scanners.
Diethyl ether is hyperpolarized by pairwise parahydrogen addition to vinyl ethyl ether and
characterized by 'H NMR spectroscopy. Proton polarization levels exceeding 8% are achieved at
near complete chemical conversion within seconds, causing the activation of radio amplification
by stimulated emission radiation (RASER) throughout detection. Although gas-phase 7;
relaxation of hyperpolarized diethyl ether (at partial pressure of 0.5 bar) is very efficient with 7; of
ca. 1.2 second, we demonstrate that at low magnetic fields, the use of long-lived singlet states
created via pairwise parahydrogen addition extends the relaxation decay by approximately 3-fold,
paving the way to bioimaging applications and beyond.
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Diethyl ether anesthetic is NMR hyperpolarized by pairwise parahydrogen addition to vinyl ethyl
ether. Proton polarization levels exceeding 8% are achieved at near complete chemical conversion
within seconds. Although gas-phase 77 is ~1.2 s, the use of long-lived singlet states created in low
magnetic field extends the relaxation decay by approximately 3-fold, paving the way to
bioimaging applications and beyond.
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Introduction

The degree of nuclear spin alignment with applied static magnetic field, termed nuclear spin
polarization (A), is typically on the order of 10> for protons at clinically and physiologically
relevant conditions. Because NMR detection sensitivity is directly proportional to 211 NMR
spectroscopy and imaging are generally regarded as relatively low-sensitivity techniques.
Thus, /n vivo MRI is limited primarily to highly concentrated compounds such as water and
lipids. However, NMR hyperpolarization techniques can transiently increase Pto the order
of unity resulting in corresponding gains in detection sensitivity.[2-5] Hyperpolarized (HP)
compounds can be employed as injectable or inhalable contrast agents.[®: 71 To date, the two
groups of HP contrast agents that have transitioned to clinical trials are HP 13C—labeled
biomolecules (most notably [1-13C]-pyruvate)[8: 91 and 129Xe gas,[10-12] which can be
employed for spectroscopic imaging of /7 vivo metabolism (e.g., glycolysis)[13: 141 and
organ function (e.g., lung ventilation and perfusion).[10: 15-19] The key motivation of the
biomedical HP community that has historically focused on 13C and 129Xe nuclei is the
significantly longer lifetime of their HP states compared to those of protons. For example, in
vivo Ty are on the order of 1 min (in favorable cases)[®l and 4-20 s[10. 20. 21] for 13C and
129%e, respectively, versus 1-2 s for protons.

Despite some success and a number of ongoing clinical trials, there are several translational
limitations that 13C and 129Xe HP contrast agents face to address critical medical needs.
First and foremost, 13C and 129Xe detection is not available on most clinical MRI scanners,
which are limited to proton detection only. Second, 13C and 129Xe have ~4-fold lower
magnetic moments and ~4-fold lower resonance frequencies compared to those of protons,
resulting in a factor of (~4)2 less NMR signal for 13C and 129Xe nuclei.l!] Besides, MRI
spatial encoding also requires a factor of 42 more gradient power to achieve the same spatial
resolution.[® 221 Third, clinical-scale 13C and 129Xe hyperpolarization techniques have been
demonstrated using dissolution Dynamic Nuclear Polarization (d-DNP)[23] and Spin-
Exchange Optical Pumping (SEOP),[24] respectively, which have limited production
throughput (approximately 4 doses per hour) and highly complex and expensive
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instrumentation ($0.5-$2M cost, circa 2020).18: 23, 25-29] More affordable methods compared
to clinical-scale d-DNP as well as new indirect detection schemes may eventually emerge
for hyperpolarization of [1-13C]-pyruvatel30-33] and other agents,[34] although alternatives
for HP 129Xe gas as an inhalable HP contrast agent are still rather limited.[3%]

Levitt and co-workers have provided numerous examples of the existence of long-lived
singlet states (LLS),[36-391 with 7} | s values significantly greater than corresponding 77.[3]
This new concept rekindled the interest in HP proton contrast agents,[40-44] yet no LLS have
been translated to /n vivo demonstration on biologically suitable carriers. Lately, we have
demonstrated the existence of LLS in parahydrogen-hyperpolarized propane gas at low
magnetic fields, 7e., in the strong coupling regime where the spin-spin coupling Jbetween
the protons of interest is greater than the difference between their chemical shifts.[4: 461 The
LLS of HP propane was found immune to O,, indicating that it may be a useful contrast
agent for pulmonary imaging applications!471—efforts are in progress in our laboratory to
demonstrate the utility of HP propane in a large animal model.

Here we report on a simple and fast approach to prepare HP diethyl ether (DE), the first
anesthetic produced on a commercial scale. We employ parahydrogen-induced polarization
(PHIP) for pairwise parahydrogen (p-H,) addition to ethyl vinyl ether (EVE) to form HP DE
in the gas and liquid phases (Scheme 1). DE was on the World Health Organization (WHO)
essential list of drugs until 2005.[481 The substrates EVE (a.k.a. vinamar) and divinyl ether
(a.k.a. vinethene) have also been employed as inhalable anesthetics in clinical
anesthesiology.[4%! Although these ethers have been phased out in the US and other countries
due to the availability of nonflammable alternatives (desflurane, isoflurane, sevoflurane,
etc.), they remain approved for medical use as anesthetics in many countries®% including
Russia.

Results and Discussion

Liquid-phase hyperpolarization studies were performed with solutions of ~200 mM of EVE
(Sigma Aldrich, 99%) in CD30D and 4 mM of rhodium catalyst (1,4-
bis(diphenylphosphino)butane(1,5-cyclooctadiene) rhodium(l) tetrafluoroborate, STREM,
79255-71-3). 0.5 mL samples were placed in 5 mm NMR tubes under argon atmosphere.
NMR tubes were pressurized with p-H, at ~ 8 bar and heated at 80 °C for 30 seconds. p-H,
(enriched at >99%I51) was bubbled through the solution at a flow rate of 150 standard cubic
centimeters per minute (sccm). Pairwise p-H, addition to EVE was performed in the Earth’s
magnetic field followed by detection at 1.4 T via a benchtop NMR spectrometer (SpinSolve
Carbon60, Magritek), corresponding to ALTADENA condition.[52] 1H NMR spectra of neat
thermally polarized ethyl acetate-1-13C (EA-1-13C) were used as signal reference to evaluate
polarization levels (Figure 1a,b). For each sample, the chemical conversion and residual DE
concentration in CD30D (liquid fraction) were evaluated from the thermal NMR spectra
acquired before and after the reaction (Figure S1). 1H polarization levels were corrected
accordingly (see calculations in the SI).

After cessation of p-H, flow, the NMR sample was left for additional 15 seconds in the
Earth’s magnetic field (~50 uT) before insertion in the 1.4 T spectrometer to collect NMR
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spectrum using 8° excitation pulse. This delay was necessary to avoid strong radio
amplification by stimulated emission radiation (RASER, Figure 1c).[53 541 This recently
discovered phenomena, due to the coherent coupling of the inductive detector with the
magnetization pool of HP proton spins, is manifested here by the appearance of non-linear
effects such as multi-mode RASER with both Ha and Hg emitting (Figure 1c). RASER
activity can last for more than 30 s in molecules hyperpolarized by p-H,,[5%] preventing
polarization level measurement immediately after the reaction completion. The observation
of PHIP-RASER indicates the production of highly magnetized DE samples and may be
useful in the context of future imaging studies. HP DE polarization levels were back-
calculated to account for the relaxation losses (in the Earth’s magnetic field).

A maximum polarization of 8.4% was obtained in the liquid phase after bubbling p-H, for
10 s (Figures 1a and 2a). At that time, the chemical conversion of EVE to DE was complete
and more than 80% of DE remained in the liquid phase (Figure 2b). 1H polarization levels
were fitted to:

Pax ( ( f—fo) ( t—to))
Py(t) = exp|— —exp|l— Eq. 1
n) = T s T\ T ) ™ s d

to determine APnax, the theoretical maximum polarization neglecting relaxation, and 74, the
time constant for the catalytic reaction (or polarization build-up), while leaving 7 | s and #y
fixed to 14 s and 1 s, respectively. These latter values correspond to independent
measurements performed at 50 uT (Figure 2¢). %Pnax of 12.8+0.6% and T, of 4.5+0.6 s
were obtained, indicating that highly polarized DE can be prepared via PHIP with
production speed significantly exceeding relaxation decay. %/Pmax can be potentially further
improved via the rational design of a PHIP catalyst; nevertheless, the polarization levels of
HP DE and the speed of the reaction derived here are promising for /n vivo applications.
Moreover, the lifetime of HP state can be further extended at higher magnetic field: the 7;
values are 29 + 1 sand 24 + 1 s for Hp and Hg protons at 1.4 T, respectively.

For gas-phase relaxation experiments, p-H, was bubbled in a glass column filled with ~ 5—
10 mL of neat EVE at a flow rate of 4000 sccm. The resulting gas mixture comprising p-Ho
saturated with EVE vapor was directed through a Rh/TiO, catalytic reactor (300 mg of
Rh/TiO5 in 42 g of Cu particles) maintained at 170 °C for heterogeneous pairwise p-H,
addition[®®] (Figure S2), and collected at 3.3 bar and ~35 °C in (i) a5 mm NMR tube for
NMR detection using 1.4 T benchtop NMR device (Figure 3a), (ii) a 17 mL phantom sphere
for NMR detection with a 47.5 mT Kea2-based NMR spectrometer (Magritek, New
Zealand) (Figure S2). The concentration of DE in the gas phase (22 mM) was evaluated at
1.4 T against reference spectra of neat ethyl acetate. Inversion recovery experiments with
thermally polarized DE vapor yielded 7; = 1.21 £ 0.03 s at 1.4 T (Figure 3c), a typical value
under these low partial pressure conditions (0.5 bar).[57] Even though the LLS of HP DE is
NMR invisible at 47.5 mT, it can be converted into observable magnetization by singlet-to-
triplet conversion with the spin-lock induced crossing (SLIC) radio-frequency pulse
sequence (Figure 3b).[58]
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SLIC was optimized by tuning pulse amplitude, power, duration and frequency in the gas
and liquid phases (Figures S3 and S4). 7, | s was determined by applying a “partial” (200 ms
duration) SLIC pulse every second to a batch of HP DE vapor and recording the produced
signal—corresponding data points were employed for mono-exponential fitting (Figure 3d),
yielding 7 | s =2.8 £0.4s. The “partial” SLIC approach is known to induce an
underestimation of the 7| | g value, because some fraction of the magnetization is lost in
each SLIC transformation.[”] Comparative partial SLIC experiments on HP DE in CD30D
suggest correcting the measured 7, | s by a factor of 1.4 in our case (Figure S4). Our
estimate is 7| | s =4.0 £ 0.7 s for HP DE at 0.5 bar partial pressure, /.e., ~ 3 times greater
than the corresponding 77 at high field—in line with the overall trends of LLS lifetime in
HP propane.[46. 57]

Conclusion

In summary, hyperpolarization of DE anesthetic was successfully achieved. High levels of
proton polarization (>8%) were obtained on two hydrogen sites along with 100% conversion
of the EVE precursor—the produced magnetization was sufficiently high for inducing
RASER activity. We also report on the existence of LLS in gas phase HP DE under
clinically relevant conditions. Alternative precursor divinyl ether could be potentially
employed to double the payload of p-Hy-derived polarization. All three compounds: DE,
EVE and divinyl ether have very safe toxicity profile, which, combined with the ease and
scalability of HP DE preparation and existence of long-lived states in the gas phase, bode
well for future bioimaging applications—especially for functional 3D pulmonary imaging in
a manner similar to that with HP 129Xe. The flammability of HP DE should be addressed in
the context of potential biomedical use as an inhalable contrast agent: for example, through
the use of small inhalation doses or by capturing the exhaled gas with carbon filters.
Alternatively, the use of partially fluorinated PHIP precursors (e.g., fluroxene) can possibly
mitigate some or all flammability issues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) IH NMR spectrum of HP DE in CD30D solution acquired using 8° pulse angle with

polarization of 8.4% after correction for evaporation and the Earth’s field relaxation. b)
Corresponding NMR spectrum of neat thermally polarized ethyl-acetate-1-13C. c)
ALTADENA RASER signal of HP DE recorded without excitation pulse (red), along with
Fourier transform (FT) spectra of the regions outlined by purple (Hg / Ha two-mode
RASER) and orange (Hg single-mode RASER) boxes.
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Figure2.
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Page 9

a) 1H polarization levels of HP DE in CD30D as a function of reaction time in the Earth’s

magnetic field (50 uT). Dashed lines indicate 95% confidence boundaries of the fit b) DE
liquid fraction (pink crosses) and chemical conversion (magenta circles) of EVE to DE as a

Chemistry. Author manuscript; available in PMC 2021 October 27.

function of reaction time. ¢) Exponential decays of HP DE NMR signals at 1.4 T (black
circles and squares) and 50 uT (blue circles and squares).
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Figure 3.
a) 1H spectrum at 1.4 T of 22 mM [DE] / 110 mM [p-H,] at 3.3 bar total pressure. b) 1H

spectrum at 47.5 mT of 22 mM [DE] / 110 mM [p-H5] at 3.3 bar using SLIC. c) Inversion
recovery of thermal DE vapor at 1.4 T. d) Exponential decay of LLS of HP DE at 47.5 mT.
Not the NMR spectra are not calibrated with respect to the chemical shift (ppm) reference.
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Scheme 1.
Pairwise parahydrogen addition to ethyl vinyl ether (EVE) to form HP diethyl ether (DE).

Note the symmetry breaking of protons Ha and Hg.
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