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Abstract: Real-time visualization of metabolic processes in vivo provides crucial insights into conditions like cancer and\
metabolic disorders. Metabolic magnetic resonance imaging (MRI), by amplifying the signal of pyruvate molecules
through hyperpolarization, enables non-invasive monitoring of metabolic fluxes, aiding in understanding disease
progression and treatment response. Signal Amplification By Reversible Exchange (SABRE) presents a simpler, cost-
effective alternative to dissolution dynamic nuclear polarization, eliminating the need for expensive equipment and
complex procedures. We present the first in vivo demonstration of metabolic sensing in a human pancreatic cancer
xenograft model compared to healthy mice. A novel perfluorinated Iridium SABRE catalyst in a fluorinated solvent and
methanol blend facilitated this breakthrough with a 1.2-fold increase in [1-"C]pyruvate SABRE hyperpolarization. The
perfluorinated moiety allowed easy separation of the heavy-metal-containing catalyst from the hyperpolarized
[1-*C]pyruvate target. The perfluorinated catalyst exhibited recyclability, maintaining SABRE-SHEATH activity
through subsequent hyperpolarization cycles with minimal activity loss after the initial two cycles. Remarkably, the
catalyst retained activity for at least 10 cycles, with a 3.3-fold decrease in hyperpolarization potency. This proof-of-
concept study encourages wider adoption of SABRE hyperpolarized [1-°C]pyruvate MR for studying in vivo

\metabolism, aiding in diagnosing stages and monitoring treatment responses in cancer and other diseases. )
Introduction method: SABRE-SHEATH (Signal Amplification By Re-

Traditional Magnetic Resonance (MR) techniques are con-
strained by sensitivity limitations, predicated upon small
population differences across nuclear spin energy levels
(107%-107%). Hyperpolarization methods such as dissolution
Dynamic Nuclear Polarization (d-DNP)!'? enhance MR
signals by amplifying nuclear spin polarization of the target
spins, e.g., °C in [1-®C]pyruvate, enabling metabolic imag-
ing of cancers and other diseases with abnormal metabolism
(contributing to the Warburg effect). The leading hyper-
polarized (HP) contrast agent, [1-“C]pyruvate, can also
achieve rapid hyperpolarization through a cost-effective

versible Exchange in SHield Enables Alignment Transfer to
Heteronuclei)*® by employing parahydrogen (p-H,) as a
source of polarization and an iridium catalyst for polar-
ization transfer via the process of simultaneous chemical
exchange of p-H, and to-be-hyperpolarized substrates on a
metal center.”® The initial exploration of hyperpolarizing
[1-*C]pyruvate through SABRE-SHEATH was introduced
by Duckett et al.”’! and subsequently refined by others.l*
The HP state in pyruvate can be achieved in a minute via
SABRE-SHEATH versus approximately 1 hour for d-DNP,
and at a small fraction of the cost. While progress has been
made with demonstrating recycling of some heterogeneous
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catalysts,"**! to date all SABRE methodologies capable of
generating HP [1-°C]pyruvate biocompatible solutions have
only employed SABRE catalysts in single-use modes.
Nevertheless, Ir is an expensive metal (>$160/g in pure
form and substantially greater in organometallic com-
pounds), and preparing a clinical dose of HP [1-"*C]pyruvate
(~1g) will likely require over 0.1 g Ir. Therefore, SABRE
catalyst recycling is greatly desirable to decrease the cost
associated with future clinical-scale production and improve
sustainability. Moreover, catalyst recycling mitigates the
need for initial activation of the SABRE catalyst, potentially
allowing substantially faster repetition of the hyperpolariza-
tion cycle. Despite the considerable translational benefits of
SABRE, there are toxicity concerns associated with the
utilization of organic media and the heavy-metal-containing
SABRE catalysts, which are typically based on iridium.[’™
Significant efforts have been made to optimize the extrac-
tion of HP pyruvate following SABRE-SHEATH, with the
ambition of providing safe biocompatible solutions for in
vivo applications. Those efforts involve refining techniques
such as: CASH-SABRE, "l whereby the principles of phase-
transfer catalysis were used to improve the SABRE
response in water while simultaneously achieving catalyst
separation; or HET-SABRE,*">'"1 where catalyst com-
plexes are immobilized on solid supports; and more recently
Re-D SABRE,"? which is based on rapid pyruvate precip-
itation followed by a phase separation. Recently another
methodology, using fast solvents evaporation under heating,
yielded biocompatible solutions that have been successfully
employed for metabolic imaging HP [1-"C]pyruvate in
vivo.'”?! This purification Scheme reported methanol levels
suitable for preclinical studies, but the Iridium content
remained high.

Heavily fluorinated metal complexes, i.e., containing
perfluorinated carbon-tailed ligands, have distinct properties
—such as enhanced hydrophobicity. These properties are
often leveraged for catalyst removal in fluorous biphasic
catalysis, extraction, and recovery through fluorous solid-
phase extraction.” ! Importantly, the metal content is
drastically reduced in the corresponding products.*?!

Our present work showcases the feasibility of efficient
SABRE catalyst recycling and re-use, coupled with the
efficacy of utilizing fluorinated solvents to enhance hyper-
polarization levels compatible with in vivo sensing, while
addressing the need for efficient iridium removal, marking
significant progress towards translational research in meta-
bolic imaging.

Results and Discussion
Perfluorinated SABRE Catalyst in Fluorinated Solvent

SABRE-SHEATH hyperpolarization was conducted in a
mixture of methanol and hydrofluoroether (HFE) solvent
with DMSO as a co-ligand, providing [1-*C]pyruvate “C
polarization (Py;c) of up to 16 %. The 1.2-fold P boost
(compared to methanol solvent) was attributed to the
fluorinated solvent‘s increased gas solubility,?*? Figure S1.
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Increased p-H, availability within the solution enhances
polarization transfer, thus improving SABRE-SHEATH
efficiency. Briefly, the SABRE-SHEATH hyperpolarization
process utilized 35 mM sodium [1-°C]pyruvate, 6 mM per-
fluorinated SABRE pre-catalyst [IrCl(COD)(f-sIMes)](f-
IsMes =trans-4,5-Bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooc-
tyl)-1,3-bis(2,4,6-trimethylphenyl)dihydroimidazol-2-ylidene;
COD =cyclooctadiene) and 56 mM DMSO in a 0.5-mL
mixture of CD;OD and the hydrofluoroether Novec™ fluid
7100 (3:2), utilizing a microtesla apparatus MATRESHCA
(XeUS Technologies LTD, Nicosia, Cyprus) tailored for the
SABRE-SHEATH studies.” Activation (approximately 15
to 20 minutes) was conducted under 20 standard cubic
centimeters per minute (sccm) low flow of p-H, to prevent
solvent evaporation, Figure S2. The optimum microtesla
magnetic field and temperature for efficient polarization
transfer is achieved at approximately 0.4 uT and —5°C,
respectively, Figure S4.

Overall, the mixture of CD;OD and HFE solvents
accelerates the relaxation dynamics of [1-°C]pyruvate as
compared to a deuterated methanol solution only (Fig-
ure 1¢).** More specifically, as observed in Figures 1d, 1e,
the P3¢ build-up time constant (T,) for (bound + free)
species in the shield was shorten to T,=4.74+1.0s, and the
relaxation time in the shield was measured to be T, =12.6+
1.1 s—faster than in methanol alone with either perfluori-
nated and unmodified SABRE catalysts. At 1.88 T, the
relaxation slowed significantly, giving a decay constant of
66.5+3.6s. Remarkably, at Earth’s field the relaxation
dynamics were notably faster when using the perfluorinated
SABRE catalyst in the CD;OD/HFE solvent mixture and T,
value at Earth’s field was measured to be 9.3+0.8s (Fig-
ure le). The precise origin of the accelerated relaxation at
low magnetic fields remains unclear, but it may be attributed
to a combination of more efficient cross-relaxation with
nuclear spins (and possibly, residual electronic spins) under
these low-field conditions.®™ Additionally, the increased
effective molecular weight of the perfluorinated catalyst (>
1400 g/mol) may play a role, potentially involving the
formation of macromolecular assemblies with the fluori-
nated solvent. Indeed, slower molecular motion within low
magnetic fields, e.g. those encountered in the Earth’s
magnetic field, could result in more efficient relaxation
dynamics. Similar observations have been documented in
peptides and proteins with molecular weights surpassing
1000 Da.***! Although experimental evidence for macro-
molecular assembly formation is currently lacking, it is
plausible that the existence of larger macromolecular
assemblies involving the fluorinated solvent would enhance
this phenomenon.

Biphasic Extraction For Catalyst Recycling

In addition to increasing the p-H, concentration in solution,
fluorinated solvents exhibit negligible miscibility with water
(solubility of Novec™ fluid 7100 solvent in water is 12 ppmw
—parts per million by weight) and low toxicity.* Once
optimal polarization parameters were determined, we
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Figure 1. (a) Representative HP >C spectrum of 35 mM sodium [1-"*CJ-
pyruvate with 6 mM perfluorinated SABRE pre-catalyst and 56 mM
DMSO in a 0.5 mL mixture of CD;0D and Novec™ fluid 7100 obtained
by performing SABRE-SHEATH at 0°C, and the corresponding "*C
spectrum of thermally polarized sodium [1-"*Clacetate used for
reference. (b) Schematic of perfluorinated SABRE-SHEATH hyper-
polarization process for [1-"*C]pyruvate. (c) Histogram of the relaxation
times of '>C hyperpolarization under SABRE-SHEATH conditions with
the original SABRE catalyst IrIMes and the perfluorinated SABRE
catalyst. The relaxation times are measured in two different solvents:
CD;0D and a mixture of CD;0D and HFE; and at different fields:

0.4 pT, 50 pT (earth field), and at 1.88 T (the NMR detection field).***?
(d) Total (bound +free) *C polarization buildup and decay at

Bianger =0.4 pT and T, = —5°C. (e) Total (bound + free) ™*C polar-
ization decay at 50 pT (earth field), and at 1.88 T (the NMR detection
field).

leveraged those attributes and applied principles of phase-
transfer catalysis by enhancing SABRE response in the
water phase while achieving catalyst separation, Figure 2. In
the implementation of this approach a sample consisting of
35mM sodium [1-"C]pyruvate, 6 mM perfluorinated cata-
lyst, and 56 mM DMSO in a mixture of 0.3 mL CD;OD and
0.2mL NovecTM fluid 7100 was utilized. Following per-
fluorinated catalyst activation with p-H,, the sample was
placed in the mu-metal shield to facilitate the SABRE-
SHEATH [1-°Clpyruvate polarization. Subsequently,
03mL of D,0 was introduced into the hyperpolarized
solution to allow the separation of the organic fluorinated
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phase containing the catalyst, and the aqueous phase
containing the hyperpolarized [1-®C]pyruvate. Unfortu-
nately, the addition of water resulted in the emulsification of
the phases. Despite showing no loss in hyperpolarization,
this emulsification rendered the phase-transfer catalysis
method impractical due to the extended phase separation
time exceeding 10 minutes. Once the aqueous phase is
separated, it remained colorless, and the iridium content of
the aqueous fraction was determined to be only 673+160
ppb in 2 samples. Nevertheless, this result shows the great
ability of this approach to sequester the catalyst away from
the substrate. To accelerate the separation of the emulsion,
the volume of fluorinated solvent was increased and the
utilization of a fluorinated co-ligand such as
phenyltrifluoromethyl sulfoxide (PTMSO) was preferred to
DMSO. The change in co-ligand type led to minor changes
in the optimal polarization transfer conditions (see Support-
ing Information p8). While the optimum magnetic field
stayed at 0.4 uT, the optimum temperature for HP pyruvate
with PTMSO is drastically shifted to T; between 25 and
30°C. As previously reported, temperature exerts a pro-
found influence on the exchange rates of [1-°C]pyruvate on
SABRE catalyst.'*** A temperature sweep with the
perfluorinated catalyst, coupled with PTMSO as a co-ligand,
revealed a different distribution among the key SABRE
species,” in contrast to using DMSO as a co-ligand,
Figure S9.

It should be noted that the maximal [1-“C]pyruvate
polarization levels attained reached up to 14.4 % when using
the perfluorinated SABRE catalyst and PTMSO as a co-
ligand in a mixture of methanol and HFE, corresponding to
a signal enhancement (¢) of approximately 92,000-fold. This
enhancement was slightly lower compared to the
enhancement achieved when using DMSO as the co-ligand
(104010-fold). Despite our optimization efforts, the polar-
ization levels achieved with PTMSO never reached those
attained with DMSO.

As observed earlier, the relaxation dynamics of [1-°C]-
pyruvate are shorter in a methanol/HFE solvent mixture,
the total P3¢ (bound+free) build-up time is T,=8.9+2.5s
compared to the corresponding T, value in shield of 18.0+
0.8 s. T, values at both earth field and 1.88 T were measured
at 149+1.0s and 59.0£8.1s, respectively, thus explaining
the slightly lower Pj3- values obtained in a mixture of
methanol and HFE.

Once the SABRE-SHEATH hyperpolarization condi-
tions for the perfluorinated SABRE catalyst were optimized
with PTMSO as the co-ligand (SI), we applied the catalyst
phase-transfer technique using biphasic extraction to isolate
the HP [1-"*C]pyruvate in an aqueous solution, as described
in Figure 2. SABRE-SHEATH hyperpolarization was per-
formed at a 0.4 pT field and 25°C (Figure 2a) on samples
containing 28 mM sodium [1-"*C]pyruvate, 5 mM perfluori-
nated SABRE catalyst, and 97 mM PTMSO in 0.3 mL
CD;OD and 0.3mL of 7100 Novec™ solvent and were
depressurized after being promptly transferred to a 1.88 T
spectrometer. A subsequent addition of 0.3mL of D,O
facilitated the perfluorinated catalyst phase transfer separa-
tion, requiring approximately ~15s for complete sample

© 2024 Wiley-VCH GmbH

AsULOIT suoWWwo)) dAKea1) dqearidde oy Aq pauIoa0S are SO[ONIE YO O8N JO SI[NI 10§ AIeIqIT dUI[UQ AJ[IA UO (SUOHIPUOI-PUR-SULID)/W0d" K[ 1M ATeIqrjauruo//:sdiy) suonipuoy) pue swid I, oy 99§ “[+70/01/90] uo Arexqry aurjuQ A3[ip “(-ou] BANQET) 9qnapey Aq 61 L0HT0T 1UE/Z00] 0 1/10p/wod Aa1m’ AIeiqijdur[uoy/:sdpy woiy papeojumod ‘0 “€LLEITST



GDCh
)

a. Setup for SABRE-SHEATH polarization transfer

E F F F pressure

Research Article A"

gas supply

Temperature

die

Chemie

b. Biphasic SABRE purification c¢. SABRE-SHEATH Reuse
procedure before '°C detection after Recovery
1. NMR tube depressurization

2. Water addition for [1-"*C]pyruvate 2.
extraction in aqueous HP sample addition in CD,0D

1. Water evacuation

F
control
—G%N N@ E ,=0.4puT B,=0.4uT
ol o ;‘)ﬂi..,",.ﬂ\\O\,/ 80 MHz
lk "‘0'13(::‘-0
o 0
/ g o0 Ay sample transfer | ey sample transfer
=) @‘F /,i_F J to spectrometer zone to 0.4 pT
mu-metal shield Benchtop '*C NMR mu-metal shield
|| ||

d. 3C NMR Spectra of consecutive hyperpolarizations and extractions

15 run 2 run 3" run

HP [1-'3C]pyruvate = 30 mM

HP [1-"*C]pyruvate = 25 mM in aqueous solution

PC = 9.75% I P2C = 11.1% PPC=51%
n | n

VP\‘CZTOO )/ \¥ P1C =10.1% | P“C:4,4°o H

'

E‘J"ijgk Thermal '*C sodium acetate 4M Q X A Thermal '*C sodium acetate 4M ( x; ﬂ Thermal *C sodium acetate 4M

180 175 pom 170 165 180 175 pom 170 165 180 175 hom 170 165

Figure 2. Schematic of perfluorinated SABRE-SHEATH setup, followed by biphasic pyruvate extraction and reuse of the perfluorinated SABRE
catalyst. (a) A5 mm NMR tube is pressurized with ~8 bar p-H, flowing through the sample at a fixed flow rate. The samples contained 30 mM
[1-®C]pyruvate, 5 mM catalyst, and 98 mM PTFMSO as a co-ligand in a mixture of HFE and CH,OD. Hyperpolarization occurred within a mu-metal
shielded electromagnet, with the magnetic field adjusted to approximately B, ~0.4 pT and T, set at 20°C. (b) After 30 s of p-H, bubbling,
the sample is transferred to the spectrometer (B=1.88 T), depressurized, and 0.3 mL of water is added to the sample, which allows the extraction
of [1-"*C]pyruvate from the fluorinated phase. (c) The recovery and reuse of the perfluorinated catalyst consists of evacuating the aqueous phase
and adding a freshly prepared methanol solution containing 30 mM [1-"C]pyruvate to the fluorinated phase containing the perfluorinated catalyst.
The samples are hyperpolarized in the mu-metal shield with the same catalyst used previously. The extraction step is repeated a second time as
described in step b and the polarization level of [1-"*C]pyruvate is measured after extraction. (d) ?C NMR spectra of [1-"*C]pyruvate in a mixture of
HFE and CD;OD before and after extraction of the first 3 extractions recycle and reuse of the same perfluorinated catalyst.

preparation, Figure 2b. This process resulted in a visibly
two-phase sample separation, one yellow organic phase at
the bottom of the NMR tube containing the catalyst, and
another clear aqueous phase containing the hyperpolarized
[1-PC]pyruvate. The NMR spectrum of the aqueous phase
was acquired by aligning it with the spectrometer‘s sensing
zone through NMR position adjustment.

The initial polarization of the HP [1-"C]pyruvate signal
in organic solvents was P3¢ of ~9.75 %, corresponding to an
enhancement of € ~60,235. After water addition and phase
separation, the HP [1-“C]pyruvate signal in the aqueous
fraction was measured to be ~10%, corresponding to an
enhancement of ¢ ~61,750. Furthermore, the residual levels
of organics in the aqueous fraction were measured using
LCMS methods (Table S1) and pyruvate concentration was
evaluated at 25.34+5.5 mM in the aqueous media. To assess
catalyst removal, Ir elemental content in the aqueous
[1-PC]pyruvate solution was analyzed using inductively
coupled plasma Mass Spectroscopy (ICP-MS) and revealed

Angew. Chem. Int. Ed. 2024, 202407349 (4 of 7)

an average residual Ir concentration of only 5424212 ppb
across 6 samples.

Additionally, we investigated the potential reusability of
the fluorinated phase, containing the activated perfluori-
nated catalyst, for subsequent cycles of SABRE-SHEATH
hyperpolarization. The aqueous phase containing the pyr-
uvate is evacuated and a newly prepared solution, consisting
of about 30 mM sodium [1-"C]pyruvate in 0.3 mL CD,0D,
was introduced into the previously used fluorinated phase
containing the perfluorinated catalyst (Figure 2c). A subse-
quent round of SABRE-SHEATH hyperpolarization was
executed, and within 15 minutes, the initial [1-*C]pyruvate
polarization level was re-attained, yielding Pj;c~11.1%. A
second water-phase extraction, consistent with the proce-
dure outlined in Figure 2b, resulted in [1-°C]pyruvate polar-
ization levels up to of Pj;c of ~10.1%. Thus, the biphasic
separation method employing perfluorinated catalyst exhib-
ited good recyclability, preserving its activity through
successive [1-°C]pyruvate hyperpolarization cycles. After

© 2024 Wiley-VCH GmbH
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the initial two cycles of catalyst recovery and reuse, there is
a subsequent 2.2-fold Pj;c decrease observed on the third
cycle, with a polarization level of ~5.1 %, after 15 min of p-
H, bubbling. The third water-phase extraction resulted in
[1-*C]pyruvate polarization levels of Pj;c of ~4.4%. Nota-
bly, the catalyst remained active for a minimum of 10 cycles,
despite experiencing a 3.3-fold reduction in hyperpolariza-
tion potency using the present manual equipment setup. We
believe that automation can substantially improve the
recycling process, rendering faster repeat cycles and greater
SABRE catalyst potency retention through the repeat
cycles. Moreover, additional fine-tuning of chemical struc-
ture of the fluorinated co-ligand of the SABRE catalyst
holds potential for further enhancement in *C polarization
levels. The incorporation of automation into this manual
and labor-intensive procedure is anticipated to reduce
iridium contamination, enhance operational efficiency, and
consequently, elevate polarization levels.

In Vivo Sensing
Our aim was to demonstrate the potential of the developed
mixture for facilitating metabolic sensing applications in

vivo. For the in vivo experiments, DMSO was chosen as the
co-ligand based on three primary considerations. Firstly,
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DMSO demonstrated higher polarization levels in a meth-
anol and HFE solvent blend. Secondly, the purification of
hyperpolarized [1-°C]pyruvate aqueous solutions for in vivo
applications has been demonstrated for SABRE applica-
tions by Schmidt et al." Lastly, the established toxicity
profile of DMSO aligns with its compatibility for in vivo
applications, while it is unknown for phenyl trifluoromethyl
sulfoxide (PTMSO). In our study, we conducted experi-
ments using a 3T preclinical MRI system to assess the
efficacy of the newly developed mixture in achieving
suitable levels of [1-°C]pyruvate hyperpolarization for in
vivo metabolic sensing. These in vivo experiments involved
investigations on both healthy nude mice and MIA PaCa-2
human pancreatic tumor-xenografts. (Figure 3). For those
experiments, we used a recently reported protocol®*” that
involves addition of a Trizma buffer (adapted for physio-
logical conditions ~7.4 pH with 40 mM Trizma buffer,
50 mM NaCl and 0.27 mM EDTA) to a SABRE-SHEATH
polarized solution, followed by vacuum evaporation (for
10's) under heating (95°C). As fluorinated solvents have a
lower boiling point the solvent evaporation is fast. The
purification procedure was performed at 50 mT, in the
vicinity of the MRI, in order to reduce T, losses. The HP
samples consisted of 35 mM sodium [1-°C]-pyruvate, 6 mM
perfluorinated catalyst, and 56 mM DMSO in a mixture of
CD;0OD and NovecTM fluid 7100 (3:2) pressurized with

150 x10°
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Figure 3. SABRE-SHEATH hyperpolarization of [1-"*C]-pyruvate sensitively detects site specific metabolism in vivo (a) T,-weighted 'H MRI of the
body mouse’s body. (b) Dynamic hyperpolarized *C-MR spectroscopy demonstrated in the whole body of a healthy mouse after hyperpolarized
[1-"*C]-pyruvate injection using a whole-body detection coil. (c) Time-dependent metabolic spectroscopy of [1-'>C] pyruvate (grey) can depict
enzymatic conversions into [1-°C] lactate (red) and [1-"°C] alanine (green). Inset: The Time-dependent metabolism of [1-C]pyruvate via enzymatic
conversion into [1-"°C]lactate and [1-"*CJalanine observed in the whole body spectroscopy. (d) Tweighted 'H MRI of the xenografts embedded MIA
PaCa-2 tumor cell lines into the right hind legs of athymic nude mice using a 17 mm diameter home-built *C solenoid coil with a saddle 'H coil.
(e) Aberrant in vivo metabolism in the tumor region was observed via hyperpolarized '>C dynamic spectra mouse leg xenografts of MIA PaCa-2. (f)
The lactate to pyruvate AUC (Area Under the Curve) ratios in the tumor regions and the whole healthy mouse body. The spectra were acquired
every 1s for 300 s on a 3T MRI scanner. [1-°C]-pyruvate peak (170 ppm) was observed as well as its conversion into lactate (185 ppm). Dynamic
3C MRS were processed on MATLAB with a home-made script utilizing a singular value decomposition based low rank denoising method.?®
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pH, at 110 psi. The activation was done at 20sccm for
20 min at room temperature, while the [1-"*C]-pyruvate
SABRE-SHEATH polarization transfer was done in a mu-
metal shield at 0.4 mT and 150 sccm p-H,, between - 5 and
0°C. The solutions of HP [1-*C]-pyruvate were subjected to
the purification method, which consisted in buffer addition,
solvent evaporation and filtration (Oasis® PRIME HBL Plus
light 100 mg filter) to remove the precipitated catalyst. The
residual iridium content in those solutions was approxi-
mately 390 + 235 ppb (measured by ICP-MS) after filtration
in 6 samples. The preparation of the HP solutions took
approximately 35 sec and were immediately injected through
a tail vein cannula of a mouse placed in a double tuned
'H/BC coil. The C signal was monitored every 1 s using the
3T MRI scanner with a 10-degree flip angle pulse.

The [1-"C]-pyruvate signal was detected in the mouse
body and tumor-xenografts MIA PaCa-2 immediately after
its injection and stayed detectable for more than 60 and up
to 120 seconds (Figure 3b) as well as the predominant
[1-PC]-lactate signal in the tumor. Figure 3f shows the
lactate to pyruvate AUC ratios indicate that elevated lactate
productions can be observed in the tumor regions compared
to the whole body. It is noteworthy that the animals utilized
for the MR spectroscopy presented in Figure 3 successfully
survived the procedures. Generally, to ensure successful
outcomes with high survival rates, meticulous execution of
filtration and evaporation processes is imperative. Our
research group is actively addressing safety concerns,
including the determination of the median lethal dose
(LD50), to further enhance the experimental protocols. To
the best of our knowledge, this is the first example of
SABRE-SHEATH hyperpolarization methodologies to de-
tect dynamic altered in vivo metabolisms in a disease model
and in a tumor xenograft in particular. Considering the
relatively flexible applicability on various hyperpolarizing
probes, which SABRE-SHEATH provides, these experi-
mental results can be one of the milestones for the future
applications in preclinical and clinical settings. Although the
peak intensities remain low, this trial conducted in live
organisms was a proof-of-concept and provided strong
evidence supporting the use of SABRE-SHEATH polarized
pyruvate for metabolic imaging, highlighting its effectiveness
in monitoring dynamic metabolic processes within living
organism systems and tumors. We hypothesize that optimi-
zation of other aspects of the SABRE process can further
enhance the Pj;c values that can be achieved for the
produced HP [1-®C]pyruvate. For example, the utility of
deuterated [1-"CJpyruvate and pulsed SABRE-SHEATH
Schemes has the potentially to nearly double Py;c.*!

Conclusion

In summary, we demonstrated efficient SABRE-SHEATH
hyperpolarization for production of biocompatible aqueous
solutions of HP [1-"C]pyruvate with minimal iridium
contamination using the perfluorinated catalyst, which also
allows a 1.2-fold greater P;3c when using fluorinated
solvents. Through meticulous co-ligand selection, the integ-
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rity of the catalyst's functionality across multiple iterations
remains intact, as demonstrated by the repetitive hyper-
polarization and extraction cycles of HP [1-*C]pyruvate.
Given the clinical dose requirement of HP [1-°C]pyruvate,
SABRE catalyst recycling becomes imperative to mitigate
costs, particularly as clinical-scale production may necessi-
tate large quantities of iridium. Furthermore, catalyst
recycling facilitates faster hyperpolarization cycles and
automation. The findings from the in vivo study demon-
strated the effectiveness of using SABRE-SHEATH polar-
ized pyruvate in fluorinated solvents for metabolic sensing
in MIA PaCa-2 xenograft tumors, affirming its capability to
monitor the dynamic metabolic processes occurring within
both healthy and pathological tissues in living organisms.
This marks the first application of SABRE-SHEATH
hyperpolarization techniques for detecting dynamically
altered in vivo metabolisms within a disease model. This
combination of low iridium content and catalyst recycling
potentially allows SABRE to transition for routine low-cost
clinical use. SABRE-SHEATH utilizing the perfluorinated
SABRE catalyst emerges as an appealing, cost-effective
alternative to d-DNP for preparing bio-compatible HP
[1-°C]pyruvate formulations in next-generation molecular
imaging.

Supporting Information

Please find additional experimental details, materials, and
sample characterization. The authors have cited additional
references within the Supporting Information.[**4!!
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Hyperpolarization enhances pyruvate
signal, enabling real-time metabolic flux
monitoring by MRI. Our study presents
a novel method, achieving a 22% in-
crease in hyperpolarized in
[1-C]pyruvate’s enhancement using Sig-
nal Amplification By Reversible Exchange
(SABRE) with a perfluorinated Iridium
catalyst in a fluorinated solvent/metha-
nol blend. This catalyst enables easy
separation from hyperpolarized pyru-
vate, ensuring biocompatibility and recy-
clability, and allowing in vivo metabolic
sensing in human pancreatic xenografts.
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