Open Access Article. Published on 08 October 2019. Downloaded on 12/9/2025 3:16:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2019, 21, 22849

Received 23rd September 2019,
Accepted 1st October 2019

DOI: 10.1039/c9cp05227e

Production of highly concentrated and
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Hyperpolarized metabolites are very attractive contrast agents for in vivo magnetic resonance imaging
studies enabling early diagnosis of cancer, for example. Real-time production of concentrated solutions
of metabolites is a desired goal that will enable new applications such as the continuous investigation of
metabolic changes. To this end, we are introducing two NMR experiments that allow us to deliver high
levels of polarization at high concentrations (50 mM) of an acetate precursor (55% *C polarization) and
acetate (17% C polarization) utilizing 83% para-state enriched hydrogen within seconds at high magnetic
field (7 T). Furthermore, we have translated these experiments to a portable low-field spectrometer with a
permanent magnet operating at 1 T. The presented developments pave the way for a rapid and affordable
production of hyperpolarized metabolites that can be implemented in e.g. metabolomics labs and for

rsc.li/pccp medical diagnosis.

Introduction

Low-field nuclear magnetic resonance (NMR) devices have become
versatile tools for numerous applications including the investiga-
tions of materials, chemicals and for the in situ monitoring of
chemical reactions.” ® The main advantage of low-field NMR is that
the instruments can be made small for transportation to a location
of interest. This has enabled NMR studies of objects that cannot
necessarily be moved such as concrete constructions or coatings.
With respect to medical applications, low-field devices can be
brought to the point of care.

Although NMR is excellent for investigating all of the above,
its inherent drawback is the low sensitivity. In order to detect
analytes in low concentration and to enhance NMR signals,
hyperpolarization (HP) techniques have been introduced.
Hyperpolarization is a method to increase NMR signals by up
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to four orders of magnitude.”™*> Among the various methods
spin-exchange optical pumping (SEOP),’"*> dynamic nuclear
polarization (DNP)™*™® and para-hydrogen-based techniques
such as hydrogenative para-hydrogen induced polarization
(PHIP) and signal amplification by reversible exchange (SABRE)
have drawn the most attention in biochemical, biological and
biomedical research.'®* One particular application concerns
the hyperpolarization of metabolites so that metabolomics
experiments can be performed with high sensitivity. The most
widely pursued application is to utilize hyperpolarized meta-
bolites directly as contrast agents in medical MRL*® To that
end, for example, "*C-enriched pyruvate is signal enhanced and
injected in vivo."*'® In a tumor, pyruvate is converted into
lactate which can be observed in a chemical shift imaging
experiment by a change in resonance frequency."

The most prominent technique to achieve this is dissolution
DNP."*"'8 Although dissolution DNP has been the main driving
force in the field of metabolite imaging, it is a rather slow and
costly technique that hyperpolarizes substances in tens of
minutes to hours and requires a dedicated magnet. para-
Hydrogen based techniques promise to generate contrast
agents much faster (in seconds) and in a more cost-efficient
way.'”*" In the classical PHIP approach, an unsaturated bond
is hydrogenated with para-hydrogen.?® The spin order of the
para-hydrogen’s nuclear singlet state is thereby converted into
observable magnetization and can subsequently be transferred
to a *C nucleus in a metabolite,?>>3*34447:4% Detecting the
polarization in a hetero-nucleus is beneficial because hydrogen
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background signals are absent. Another aspect is that changes
in molecular structure can be observed better due to larger
changes in chemical shift. Moreover, hetero-nuclei typically
possess longer longitudinal relaxation times 7, than hydrogen.
T, is affected by the molecular dynamics and is a measure of
how long the hyperpolarization can be stored. Thus, hyper-
polarized hetero-nuclei prolong the time for in vivo tracing.
Historically, the preparation of in vivo contrast agents via PHIP
has been achieved utilizing field cycling approaches or radio
frequency transfer experiments in low field polarizers operating
in the millitesla range.>****’~>° Polarizing metabolites for PHIP
appeared to be challenging for a long time due to limited
number of unsaturated metabolite precursors, which targeted
succinate and phospholactate.?>***"*? In particular succinate was
hyperpolarized up to 28% in concentrations of 30 mM.**>%5
A detailed table on hyperpolarizable molecules via PHIP can be
found in ref. 42. The availability of hyperpolarized metabolites
has changed with the introduction of PHIP-SAH (PHIP by
means of sidearm hydrogenation) for which an unsaturated
ester of a metabolite of interest is generated as starting
compound.*® para-hydrogen is subsequently reacted with the
precursor, the polarization transferred to *>C nuclear spins of the
metabolite, and the ester cleaved to yield the desired contrast
agent. We would like to point out that the hyperpolarization and
the polarization transfer are conducted in chloroform in the
presence of a homogeneous catalyst.>>>> Cleavage is accom-
plished by addition of an aqueous base solution that will extract
the desired metabolite in the aqueous phase which upon adjust-
ing the pH can be used for preclinical in vivo experiments.>*
Thereby, most of the metal catalyst is retained in the organic
phase. Most recently, cardiac images of pyruvate and its meta-
bolism into lactate where obtained in this way.>® To achieve the
polarization transfer, experiments were performed via field
cycling limiting the maximal achievable polarization to about
40%.2*°° pulsed NMR techniques have afterwards been developed
that can theoretically yield close to unity polarization.**** So far,
60% "*C polarization was achieved experimentally in low concen-
trations (1 mM) in a super-conducting high field system for the
PHIP-SAH approach.** For metabolic imaging experiments it is
desirable that contrast agent concentrations one order of
magnitude higher can be generated with high polarization
levels (10% polarization is typically perceived as the threshold
for in vivo experiments).*>

Once the concentrations becomes larger than 1 mM, we have
observed nonlinear effects such as radiation damping (RD)
caused by the high levels of polarization, that severely reduce
the efficiency of transferring para-hydrogen spin order to the
3C-nuclei of interest in a metabolite.”” ®® Here, we introduce
pulsed NMR experiments counteracting these effects and
thereby yielding an average '*C polarization of 55% in an
acetate precursor at concentrations of 50 mM at 7 T magnetic
field. We have translated our approach into a compact perma-
nent magnet spectrometer at 1 T (in which RD was observed as
well) and show that our approach delivers polarization levels at
high concentrations relevant to in vivo applications. We believe
that the results presented in this article will therefore speed up
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Scheme 1 Production of the *C carbonyl hyperpolarized acetate pre-
cursor ethyl acetate-dg (EA) from perdeuterated vinyl acetate.
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metabolomics experiments as well as make hyperpolarized
contrast agents more accessible to a wider community via
mobile benchtop polarizers.

In this study we have investigated at first the production of
the hyperpolarized acetate precursor (ethyl acetate-ds (EA)) as
depicted in Scheme 1, and its subsequent cleavage into acetate.
Hyperpolarization was transferred from protons to the carbonyl
carbon of the acetate moiety employing a recently introduced
pulsed transfer method (ESOTHERIC).**** EA currently yields
the highest "*C polarization and has a desirable spin-coupling
network to design precursors for other metabolites such as
lactate or pyruvate that will yield most likely similar polariza-
tion values in the future.’™®* Acetate itself is an important
metabolite and plays a role in the energy metabolism. It has
previously been injected into humans in large quantities to
observe glial metabolism.* It has more recently been utilized
in hyperpolarization studies on in vivo animal models to e.g.
monitor cardiac metabolism and renal clearance.’*®

Results and discussion

In accordance with the preparation protocol of PHIP-SAH
contrast agents for preclinical imaging as described above, we have
conducted all of our precursor hyperpolarization studies in chloro-
form. The main obstacle to achieve high concentrations of HP
metabolite is the effect of the huge sample magnetization: 60%
"H-polarization of 4 mM EA is equivalent to a sample of protonated
water (55 M) measured in a 300 MHz spectrometer, which is known
to induce radiation damping (RD).>”"*° Any attempt to bring mag-
netization into the transverse plane results in generation of a current
in the excitation/detection coil that is large enough not only to be
detected but in turn to generate a B; magnetic field which couples to
the nuclear magnetization. RD returns transverse magnetization
during spin evolution back to the longitudinal direction. The RD
effect on the line shape can be seen with the para-hydrogenation of
vinyl acetate-d at a concentration of as low as 2.5 mM (Fig. 1). The
absorption lines become broader from the sampling of the free
induction decay (FID) while the emission lines narrow.>>*° At higher
concentrations and thus higher resulting magnetization RD is more
pronounced. RD is typical for HP systems, where this effect was first
detected on helium and xenon.*® As dissolution DNP and SABRE
techniques improved, this effect became more severe for protons
even leading to spontaneous emission.***”

Despite the fact that the damping field is tiny and thus leads
to narrow frequency selectivity exactly on the polarized signals,
it appears to be sufficiently effective, as it lasts long enough and
is amplified in the resonance circuit of the probe head due to
the high quality factor Q of the detection circuit. Considering that
the investigated molecule contains *C in natural abundance, RD is
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Fig. 1 Hyperpolarized *H spectrum of 2.5 mM EA in chloroform-d (Bo = 7 T)
detected following a 45° pulse. One can see effects of radiation damping (RD):
the absorption lines are broadened and the emission lines are narrowed.

mostly induced by HP protons. However, the 1.1% of 1-"°C
enriched EA display the same "H chemical shift thus being subject
to uncontrolled B, fields on protons. As a result, RD spoils the spin
dynamics during the proton spin-order transfer to carbon making
it inefficient. Moreover, we observed that spoiling processes already
start during the para-hydrogenation reaction, transforming the
original spin I,,I,, state to some other state, which is inferior to
utilizing polarization transfer sequences. RD is characterized by the
radiation damping rate 1/t,q, and the most detrimental effects start
when 1.4 is larger than the inverse relaxation time:*®
1 1

> T
Td 1o

where

11
— = M
Td 2uonQv 0,

T

View Article Online

Paper

with g, 1, Q, 7, My being the vacuum permeability, the filling factor
of the coil, the quality factor of the detection circuit, the nuclear
gyromagnetic ratio and the initial magnetization, respectively.
There are several ways to circumvent RD that were developed
in response to high solvent concentration.’® Three of them can
be used while keeping a high polarization: reduction of the
filling factor, the quality factor, or 7,*. Reduction of the filling
factor by choosing smaller diameter sample tubes in probe
heads of 5 or 10 mm also reduces the total magnetization of the
sample and shows less RD. However, this approach was not
sufficient to completely prevent RD in a commercial spectro-
meter at high concentrations (see Table 1 for achieved polar-
ization levels) and cannot be used if large substrate quantities
are necessary. Another solution would be to employ low
Q-factor coils®®®® a Q-switch’® or active electronic feedback”*
for the proton channel. But unfortunately, this is not possible
in most of the commercial spectrometers. A partial solution
that we investigated here is detuning the detection coil, which
indeed prevents RD at mildly high concentrations. This mea-
sure reduced the Q-factor by a factor of 8 and did not com-
pletely prevent RD while prolonging the excitation pulses,
hence narrowing the excitation band. In this case, the two
protons of EA, which are 870 Hz apart, are excited with angular
uniformity and phase shifts that degrade polarization transfer
efficiency. A special excitation technique would need to be used
that fits the ESOTHERIC pulse sequence. Consequently, we
investigated the possibility of suppressing RD by the third
method: reducing 7,*. Interestingly, the onset of RD depends
on the application of *H-decoupling because the linewidth
changes in EA. Decoupling of deuterons narrows the lines in
the "H-spectrum and consequently RD manifests itself at an
even lower concentration of ~0.5 mM. To reduce T,*, a field
gradient can be applied, which spreads the frequency range of
the signal and thus prevents focusing the energy at one
particular frequency.’®’> To control the efficiency of the

Table1 Polarization achieved at different conditions. High field: Bo = 7 T and low field: Bo = 1 T spectrometer in CDCls. The data with error margins are
results of three measurements and report the standard deviation. “Ref” and “"BPFG" correspond to ESOTHERIC-Ref and ESOTHERIC-Grad pulse

sequences, respectively

Conditions ¢/mM 'H PHIP-echo *C ESOTHERIC
High field 2 30% and 30% 56%
3 mm tube in 9.5 27% and 32% 56 + 2%
10 mm probe 50 25% and 26% 42% (35 mG ecm™ 1)
High field 50 27.0 £ 0.9% 40 + 1% (70 mG em ™)
2 mm tube in 27.4 £ 0.2%
10 mm probe
High field 0.8 30% and 30% 60%
5 mm tube in 10 30% and 30% 50% (10 mG em ™)
5 mm probe 50 26% and 23% (50 mG cm ") 36% (50 mG cm ™)
54 + 1% (BPFG)
55 + 1% (50 mG cm " Ref)
20% (BPFG)
93 n/a, overload 18% (50 mG cm ™" Ref)
Low field 1 26 + 1% and 29 + 1% 35+ 2%
5 mm tube in 10 30% and 24% (7 mG cm ™) 37 £1% (7 mG cm ™)
5 mm probe 15 + 1% (7 mG cm ™)
50 10% and 10% (23 mG cm ') 23 £ 1% (7 mG cm ™' Ref)
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Fig. 2 (a) PHIP-echo pulse sequence. (b) Hyperpolarized *H spectra of EA
in chloroform-d at 320 K under various conditions: (1) PHIP-echo of 2 mM
substrate in a 3 mm tube resulting in 30% and 30% H-polarization;
(2) PHIP-echo of 50 mM substrate in a 5 mm tube: RD completely spoils
the polarization pattern; (3) PHIP-echo of 50 mM in a 5 mm tube under a
50 mG cm™* gradient resulting in 26% and 23% polarization of the proton
spins.

polarization transfer to the carbon, we have first evaluated the
proton polarization utilizing the PHIP-echo pulse sequence
(Fig. 2).”>77° The strength of this method is that it provides a
net polarization pattern without losses due to overlapping
antiphase lines. Largely concentrated solutions of HP molecule
are prone to RD as can be seen from Fig. 2b, trace 2. The
application of a weak field gradient with 1 ppm line broadening
(50 mG ecm™") allowed us to suppress RD in PHIP-echo experi-
ments with concentrations of HP substances up to 50 mM
(it was not possible to measure signals larger than this in our
spectrometer). In the ESOTHERIC experiments, application of a
gradient during para-hydrogenation and polarization transfer
allowed us to achieve 50% polarization on carbonyl carbon of
EA at 10 mM concentration in a tuned high-field spectrometer
inside a 5 mm NMR tube. Higher substrate concentration of
~50 mM in the same tube resulted in degradation of the
polarization level down to 36%, although the conversion of
substrate was confirmed to be complete under the reaction
conditions. Increasing the gradient strength further did not
improve the situation. It appears that a gradient larger than
50 mG cm " influences the efficiency of ESOTHERIC transfer
sequence (see Fig. S1, ESIf). This is likely due to molecule
diffusion when the time period under a gradient is relatively
long although the gradient strength is weak.”® However, com-
bining a moderate gradient of 35-70 mG c¢cm ™' over small
samples (2 and 3 mm NMR tubes in a 10 mm probe head)
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allowed us to get 40% and 42% '*C polarization for substrate
concentrations of up to 50 mM.

To further reduce RD suppression without influence of diffusion
effects, we have incorporated bipolar pulsed field gradients
(BPFG)”™”” in our sequence. In this way, the transverse magnetiza-
tion is refocused several times during the evolution between RF
pulses. Thus, the effect of diffusion under the gradient is reduced
because the magnetization stays defocused for short periods only.””
Fig. 3(a) shows a modified ESOTHERIC pulse sequence using BPFG
(ESOTHERIC-Grad). A constant field gradient is applied during the
para-hydrogenation reaction to prevent RD at this stage. Here, no
BPFG is necessary because the spin state does not contain a
transverse component. After the first 90° pulse the large transverse
magnetization is quickly defocused by BPFGs. The magnetization is
defocused and refocused 25 times before application of the next RF
pulse. Using this method, we were able to obtain up to 54% carbon
polarization of a 50 mM solution EA in a 5 mm tube within a 5 mm
probe head.

BPFG is an elaborated technique that may not be available or
adds additional costs to spectrometers. We therefore investigated
the possibility of refocusing magnetization under a constant
gradient utilizing 180° pulses. Thereby, instead of changing the
gradient direction in order to reverse magnetization rotation, one
can flip magnetization and continue to rotate the magnetization in
the same direction until it refocuses. The alternative sequence is
shown in Fig. 3b (ESOTHERIC-Ref). Here, several refocusing
periods are applied to reduce the defocusing/refocusing times
and thus suppress the negative diffusion effect. It was found that
composite 90°,180°,90°, pulses were beneficial for the transfer
efficiency. 55% **C polarization was achieved which is as good as
with the BPFG-method. All polarization levels recorded under
the various conditions are summarized in Table 1.

These promising results motivated us to translate the experi-
ments to a 1 T low-field spectrometer (Magritek Spinsolve-43).
Since no BPFGs were available in the utilized system, we have
performed experiments with 180°-refocusing pulses only. In
5 mm tubes, it was possible to obtain ~35% polarization on
the carbonyl carbon of EA for a low concentration of 1 mM. As
the spectrometer maintains 25 °C inside its body case the
sample was preheated in a water bath to 50 °C to facilitate
the hydrogenation reaction. For concentrations higher than
1 mM RD was observed when the sample was perfectly
shimmed. To prevent RD, a constant gradient of 7 mG cm ™'
was applied via the z;-shim along the z-direction (1 ppm).
Under these conditions the **C-polarization reached 37% for
10 mM and only around 15% polarization for 50 mM. Using
ESOTHERIC-Ref with non-composite 180°-refocusing pulses
allowed us to increase the polarization to 23%. At smaller
concentrations (1 mM and 10 mM) we achieved 35% and
37% "*C polarization which is also smaller than at high
magnetic fields. We mainly attribute this discrepancy to uncon-
trolled temperature drops in the low field experiments. The
utilized low-field spectrometer runs at room temperature and
samples are preheated in an adjacent water bath before they are
inserted into the spectrometer to supply para-hydrogen and
initiate the polarization transfer. Consequently, the sample

This journal is © the Owner Societies 2019
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Fig. 3 (a) ESOTHERIC pulse sequence together with bipolar pulsed field

gradients (ESOTHERIC-Grad). (b) ESOTHERIC pulse sequence together with
several refocusing composite 180° pulses (ESOTHERIC-Ref). (c) *C polariza-
tion of EA carbonyl as a result of the ESOTHERIC pulse sequence after para-
hydrogenation of 50 mM of vinyl acetate-dg in chloroform-d at 320 K:
(1) ESOTHERIC without any gradient P = 1%; (2) ESOTHERIC-Ref under
5 mG cm™ P = 5%; (3) ESOTHERIC-Grad 50 mG cm™ gradient during
bubbling and 0.5 G cm™ during transfer P = 22%; (4) ESOTHERIC under
50 mG cm~! gradient P = 36%; (5) ESOTHERIC-Grad under 0.15 G cm™*
gradient during bubbling and 2.5 G cm™ during transfer P = 54%;
(6) ESOTHERIC-Ref under 50 mG cm™ gradient during bubbling and
transfer P = 56%. The inset shows a signal of the *3C carbonyl of product
of hydrogenation (EA) with thermal polarization at Bo = 7 T (100 mM,
1100 scans, 1H- and 2H-dec).

cools while it rests in the spectrometer and during the supply of
para-hydrogen, leading to a slowed down reaction and conver-
sion rate. As a result, lower proton polarization is generated
that can be transferred to **C. This issue may, however, be
circumventable in the future if a low-field spectrometer is
utilized that maintains a higher, stable temperature at the site
of the sample during bubbling and polarization transfer. Never-
theless, the achieved polarization level is above the in vivo
threshold.”

This journal is © the Owner Societies 2019
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Fig. 4 'C spectra of carbonyl carbon of EA hydrolysis. para-Hydrogenation
and polarization transfer was done in methanol-d4. Hydrolysis was induced by
addition of same volume of 1 M NaOD in D,O. High field experiments were
done with 50 mM vinyl acetate-dg using ESOTHERIC-Ref as polarization
transfer sequence to **C of acetate. At low field ESOTHERIC without gradient
was used in reaction of 10 mM vinyl acetate-dg for better resolution that,
however, resulted in smaller polarization levels. At the end of the polarization
transfer, longitudinal magnetization was formed by an additional 90° pulse for
storage before reaction. *C spectra were detected with a single pulse: (1) EA
with ~173 ppm and P = 42% before reaction and (2) acetate anion with P =
17% and ~182 ppm after ~40 s hydrolysis; in low field: (3) EA with P = 6.6%
and ~ 173 ppm before reaction and (2) mixture of EA and acetate with P = 2.2%
after ~10 s hydrolysis. Incomplete cleavage is due to the low temperature in
the low field system. Chemical shift between high and low field conditions may
vary because of internal and external lock in two spectrometers respectively.

Lastly, we have investigated the production of the hyper-
polarized acetate metabolite in high concentrations in high and
low-magnetic field in methanol-d,. We have chosen methanol as a
solvent to directly demonstrate the cleavage within the spectrometer.
Implementation of a phase extraction procedure in accordance to
ref. 55 for obtaining preclinical imaging contrast agents is currently
under investigation in our lab. Fig. 4 shows the hydrolysis of the
hyperpolarized EA in mixtures of methanol-d, and 1 M NaOD in
D,0. Room temperature base is added and mixed in the 5 mm NMR
tube while it rests inside a spectrometer after polarization transfer.
We would like to note that using methanol as a solvent lead in our
experiments to a reduction in initial **C-polarization (6.6% in low
field and 42% in high field) probably because of a slower reaction
rate compared to the hydrogenation in chloroform. The discrepancy
compared to the high-field case is due to the fact that no elevated
temperature was available in the utilized 1 T system and methanol
appears to be particular prone to this circumstances. The sample
was preheated in a water bath and the temperature dropped during
the para-hydrogen supply inside the low-field spectrometer. This will
however be circumventable in the future with heated benchtop
devices. After cleavage we determined the polarization levels of the
metabolite to be 2.2% (low field) and 17% (high field). Noteworthy is
the very long T; of free acetate, which we found to be 147 s at 7 T
even in presence of the catalyst (Fig. S14, ESIf). We therefore
attribute the loss in polarization mainly to the fact that not all of
the sample is excited during the pulsed transfer based on inhomo-
geneities in B; generated by the NMR coil and incomplete B;
coverage. Once the base is added, non-irradiated regions, hence
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unpolarised sample will mix with hyperpolarized metabolites and
give an overall reduction in polarization. In future studies we are
aiming at elucidating the phenomenon, nevertheless high levels of
metabolite polarization are already attainable. Based on the pre-
sented results we are now aiming to improve the polarization setup
by constructing a low field system with stable temperature, larger
and homogeneous B; field and the possibility to apply field
gradients or composite pulses. In addition, implementing an
optimized cleavage and phase extraction protocol from chloroform
that includes the use of heated base as published by Cavallari et al.
will lead to higher degrees of polarization of the desired metabolite
in water.”

Conclusions

In conclusion, we have introduced two pulsed NMR polarization
transfer schemes that can produce highly polarized (>50%)
BC-spins in the metabolite precursor EA and the cleaved
metabolite (>17%) and at high concentrations of 50 mM.
Furthermore, we were able to translate the experiments to a
compact low-field spectrometer, achieving high degrees of
polarization and concentrations. The obtained quantities (hun-
dreds of microliters) are typically sufficient for preclinical
in vivo experiments on rodents.*® This development paves the
way for a cost-efficient and fast (seconds) production of hyper-
polarized metabolites and their application e.g. in metabolomics
labs or for biomedical imaging. We furthermore believe that
another advantage of the presented approach is that it can easily
be implemented in many labs with minimal efforts. All that is
required is a two-channel spectrometer with > 1 T field strength
and para-hydrogen supply which is available in a cost-effective
way when produced at 77 K (50% para-state enrichment). More-
over, we have reported the observation of non-linear effects in
addition reactions with para-hydrogen as a result of the large
polarization. Although further investigations are in progress, we
postulate that e.g. masing effects in connection with PHIP exist,
which can be detected over a large range of magnetic fields and
will foster high precision experiments in physics in the future.*
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