Heteronuclear Parahydrogen-Induced Hyperpolarization via Side

Arm Hydrogenation

Oleg G. Salnikov,*™ Nikita V. Chukanov,® Andrey N. Pravdivtsev,"™ Dudari B. Burueva,® Sergey
V. Sviyazov,*? Jan-Bernd Hovener,™ and Igor V. Koptyug!®

[a] Dr. O. G. Salnikov, Dr. N. V. Chukanov, Dr. D. B. Burueva, S. V. Sviyazov, Prof. I. V. Koptyug

Laboratory of Magnetic Resonance Microimaging
International Tomography Center SB RAS
3A Institutskaya St., Novosibirsk 630090, Russia
E-mail: salnikov@tomo.nsc.ru

[b] Dr. A. N. Pravdivtsev, Prof. J.-B. Hovener

Section Biomedical Imaging, Molecular Imaging North Competence Center (MOIN CC), Department of Radiology and

Neuroradiology

University Medical Center Schleswig-Holstein and Kiel University

24118 Kiel, Germany
[c] S.V.Sviyazov
Novosibirsk State University
2 Pirogova St., Novosibirsk 630090, Russia

Abstract: Nuclear spin hyperpolarization dramatically enhances the sensitivity of nuclear magnetic resonance
spectroscopy and imaging. Hyperpolarization of biomolecules (e.g., pyruvate) is of particular interest as it allows one to
follow their metabolism, providing a diagnostic tool for various pathologies, including cancer. In this regard, the
hyperpolarization of *3C nuclei is especially beneficial due to its relatively long hyperpolarization lifetime and the
absence of a background signal. Parahydrogen-induced polarization (PHIP) is arguably the most affordable
hyperpolarization technique. PHIP exploits the pairwise addition of parahydrogen to an unsaturated substrate. This sets
limitations on the range of compounds amenable to direct PHIP hyperpolarization. The range of molecules that can be
hyperpolarized with PHIP significantly expanded in 2015 when PHIP by means of side arm hydrogenation (PHIP-SAH)
was introduced. Here, parahydrogen is added to an unsaturated alcoholic moiety of an ester followed by polarization
transfer to carboxylate **C nuclei with a subsequent cleavage of the side arm. In this review, the recent advances in
PHIP-SAH are discussed, including the synthetic methodology to produce isotopically labeled precursors, peculiarities
of pairwise addition of parahydrogen to PHIP-SAH precursors, polarization transfer, cleavage of the side arm,
purification of hyperpolarized solution, and, finally, in vitro and in vivo applications.

1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy and
magnetic resonance imaging (MRI) are used in various
applications in chemistry, biology, and medicine.
However, these techniques have intrinsically low
sensitivity  originating from low differences in
populations of nuclear spin energy levels even at high
magnetic fields of modern NMR spectrometers. For
example, at 9.4 T and 298 K only one *H nucleus out of
ca. 31000 contributes to an observed NMR signal.
Hence, there is a hidden potential for a drastic
improvement in  NMR  sensitivity.  Therefore,
hyperpolarization  techniques, which dramatically
enhance nuclear spin polarization (P) by up to several
orders of magnitude, have rapidly developed in recent
years.'®! These techniques have many established and
prospective applications, for example, production of
hyperpolarized (HP) molecular contrast agents for
magnetic resonance spectroscopy (MRS) and ima?in
reporting on aberrant metabolism in tissues,*®’
production of HP gases for lung MR,
metabolomics,®™ structural biology,®**** mechanistic
studies of chemical transformations,** 8 materials
science,™*?Y batteries research,” etc. HP state relaxes
to thermal equilibrium with a rate typically characterized

by spin-lattice relaxation time (T;) of corresponding
spins. As a result, for solution-state applications, it is
generally  preferable to  hyperpolarize  spin-'2
heteronuclei, e.g. *C"#! or *N,"*YI which typically have
several times greater T, in solution compared to protons.
In addition, the natural abundance of *C and **N is low;
hence, without hyperpolarization and isotopic labeling,
observed spectra essentially have no background.

The most common solution-state hyperpolarization
techniques are dissolution dynamic nuclear polarization
(dDNP),”2  parahydrogen-induced  polarization
(PHIP),%1 and signal amplification by reversible
exchange (SABRE).E%*Y dDNP employs high thermal
polarization of electron spins in radicals at high magnetic
fields and cryogenic temperatures as a source of nuclear
hyperpolarization.”®  Under microwave irradiation,
electron polarization is transferred to the nearby nuclear
spins. Next, the sample is rapidly dissolved in hot water,
giving an aqueous solution of an HP compound of
interest. The most common HP tracer in a number of pre-
clinical and clinical studies® 4 is [1-*C]pyruvate
polarized with dDNP. Upon administration, pyruvate
undergoes rapid metabolic transformations
predominantly to lactate, alanine, and bicarbonate.
Following the rates of these processes allows for
identifying abnormalities in metabolism that could be
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associated with a cancerous tumor.B®! However, this
technology is still available only at selected sites
worldwide because it requires expensive and complicated
equipment. Moreover, common dDNP protocol which
uses direct polarization of *C spins is relatively low-
throughput, as preparation of a highly polarized sample
takes ~1 hour.

PHIP and SABRE use parahydrogen (p-H,, singlet-
state nuclear spin isomer of H,) as a source of non-
equilibrium spin order. In PHIP, p-H, is added to a
double or a triple bond in an unsaturated substrate. The
key requirement is that the two atoms from the same p-
H, molecule should end up in the same molecule of
reaction product (pairwise addition).®® If these two H
atoms retain spin correlation between them and end up in
magnetically  inequivalent  positions,  observable
hyperpolarization is created. If the addition of p-H,
occurs at a high magnetic field (at which the chemical
shift difference is much larger than mutual scalar spin-
spin interaction),  so-called = PASADENAP
(parahydrogen and synthesis allow dramatically
enhanced nuclear alignment) experiment, multiplet
polarization of the nascent p-H, protons is obtained. In
the case of pairwise addition at a low magnetic field
followed by adiabatic transfer to a high field, i.e.
ALTADENAE" (adiabatic longitudinal transport after
dissociation engenders net alignment) experiment, net
polarization of each proton is produced, which could be
also distributed across other protons in the J-coupled
network. In SABRE, p-H, and to-be-hyperpolarized
substrate reversibly bind to a metal complex. Polarization
transfer within the complex (either spontaneous at a low
magnetic field, or driven by radiofrequency (RF)
irradiation) enables hyperpolarization of the substrate.®*-
“1 Hence, PHIP and SABRE hyperpolarization require
only a substrate, a catalyst, and parahydrogen. The
cryogens are necessary only for the preparation of
parahydrogen, which, once prepared, can be stored over
weeks and used on demand.*! Therefore, PHIP and
SABRE are significantly more accessible than dDNP.

Since PHIP requires pairwise hydrogen addition, the
range of compounds which can be directly polarized
using this approach is relatively limited to those having
corresponding unsaturated precursors. Therefore, 2-
hydroxyethyl propionate (HEP), succinate and their
derivatives were the most commonly hyperpolarized
tracers for a long time.">*4 However, such biologically
important carboxylate metabolites as pyruvate and
acetate were inaccessible. The straightforward approach
was to introduce an unsaturated side chain that can be
hydrogenated with p-H,; this method received the name
PHIP-label and enabled hyperpolarization of amino acids
and peptides.”**") However, the resulting hyperpolarized
tracers were not in their native state, and their biological
relevance was not obvious.

An elegant extension of this approach proposed in
2015 by Reineri et al.“® provided a strategy to overcome
this issue (Scheme 1). Here, an ester with an unsaturated
alcoholic moiety is employed as a PHIP precursor. After
hyperpolarization, the hydrogenated moiety (also referred
to as a side arm) could be cleaved, and the resulting HP
tracer could be extracted into the aqueous phase. This
PHIP by means of side arm hydrogenation (PHIP-SAH)

method enabled hyperpolarization of previously
inaccessible compounds in their native forms."® Since its
discovery, the technique has been rapidly developing
toward clinical applications, with several preclinical
trials demonstrated.[*>*! Here, we will be reviewing the
progress in all aspects of PHIP-SAH, including synthesis
of isotopically labeled precursors, optimization of their
structure with respect to the resultant polarization
efficiency, novel low-field and high-field polarization

transfer schemes, optimization of HP substrate
purification  protocols, and, finally, promising
applications in vitro and in vivo.
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Scheme 1. Schematics of PHIP-SAH process on the
example of vinyl ester precursor. Step I: Catalytic
pairwise addition of p-H, (denoted here as H*-H" to
emphasize the protons that originated from p-H,) to an
unsaturated ester precursor. Step Il: Polarization transfer
from nascent H* and HP protons to carboxylic **C nucleus
mediated by the J-coupling network. Step Ill: Cleavage
of the ester group via alkaline hydrolysis. Step 1V:
purification of HP carboxylate from catalyst and organic
solvent to produce an aqueous solution of *C-HP
carboxylate.

2. Synthesis of unsaturated precursors for
PHIP-SAH

To perform PHIP-SAH, one must first synthesize a
corresponding unsaturated precursor for the target HP
tracer. The PHIP-SAH precursor consists of the target
tracer, typically *C labeled to increase the resulting
molar polarization payload, and the unsaturated moiety
(side arm). Depending on the polarization transfer
strategies employed, the side arm can also be selectively
H/**C or *H uniformly labeled.

The most popular carboxylates (targets) which were
employed in PHIP-SAH are pyruvate and acetate, which
is not unexpected considering their important metabolic
roles 2% (although PHIP-SAH Polarization of other
carboxylates was also reported® ™). The typical
unsaturated side arms are vinyl, propargyl, and various
substituted propargyl-based moieties."®!

The synthesis of propargyl, substituted propargyl,
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and allyl ester precursors for PHIP-SAH is relatively
straightforward and typically exploits either an acid-
catalyzed esterification® ! or a coupling of an alcohol
and a carboxylic acid mediated by N,N'-
dicyclohexylcarbodiimide (DCC)®8**! (Scheme 2).
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R = CH,, COCHg, CH(OH)CHg, H
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R'-3=H, D, CD3, CgHs, CgDs, etc.

Scheme 2. General approaches for the synthesis of
propargyl, substituted propargyl or allyl ester precursors
for PHIP-SAH via (a) acid-catalyzed esterification or (b)
DCC-mediated coupling.

Of particular interest is the synthesis of isotopically
labeled and substituted propargyl side arms, which
allows for the increase of polarization transfer efficiency.
Gloggler and co-workers made substantial efforts in this
regard, developing syntheses of various isotopologues of
3-phenylprop-2-ynyl pyruvate tailored for the efficient
performance of high field polarization transfer
schemes.P#°% |n particular, a **CD, group was
introduced in position 1 of the alcoholic moiety via

[**C]formaldehyde-d,.’**® The corresponding product of
pairwise p-H, addition, HP cis-[1-"°C]cinnamyl-1,1-d,
[1-*C]pyruvate, represents an example of a system with
an efficient polarization transfer demonstrating P3¢ of up
to 25%. The same group also explored hyperpolarization
of pyruvate and acetate using [2-*C]-3-phenylprop-2-
ynyl-1,1-d, moiety.®®%? For this, the synthesis of [1-
BC]phenylacetylene was accomplished in 5 steps starting
from **CD;| and benzaldehyde.®

The synthesis of vinyl esters appears to be more
challenging, since it cannot be accomplished by simple
esterification. The most obvious method involves
transvinylation reaction between the acid of interest with
a significant excess of a vinyl ester of another carboxylic
acid in the presence of a metal catalyst (Scheme 3).[364
The catalyst is usually a ruthenium or a palladium salt
with the addition of sodium salt of the acid of interest or
a base. The transvinylation reaction is suitable if the
product can be easily isolated from the reaction mixture,
for example, by distillation. A number of vinyl ester
precursors for PHIP-SAH have been synthesized
following this approach (Table 1).[545765-

) R n A )

R™ X catalyst O
R= CH3, Csz, COCH3, etc.
X =O0H,CI

R'= CH,;CO, R"3Si, etc.
R" = CHj, 'Pr, ‘Bu, Ph
catalyst = Pd(OAc),, PdCl,, etc.

Scheme 3. General approach for the synthesis of vinyl
ester precursors for PHIP-SAH via transvinylation.

Favorskii reaction of  phenylacetylene and
Table 1. The summary of the published syntheses of vinyl carboxylate precursors for PHIP-SAH using transvinylation
approach.
Substrate Reagent Catalyst Product Yield, % | Ref.
O 0] RuCls o) 98 651
! 5 mol% !
13C 13C
-~ ‘OH C1 1 H23 O/\ CH313COZNa ~ O/\
6.5 mol%
9) 0] Pd(OAc), 0] 7L (sl
)J\ 0.5 mol% \)J\
OH o KOH o
10.5 mol%
®) o) Pd(OAc), 9) 15 54
HO )k 1 mol% HO
OH o KOH o
10 mol%
0] o) Pd(OAc), 0) 6 571
o )J\ 20 mol% o
OH o KOH o
13 mol%
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EtO o osmont | EtO 3 S
13, -5 mol% 13,
EtOﬁ/ C~OH )J\O/\ E'[Oﬁ/ C~O/\
o ) O D Pd(OIAc)Z o O D 81 (66l
13 1 mol% 13
(0] 0]
CDsy D 10 mol% CD, D
NO, NO,
9) | PdCl, e) 67 (5]
13, —Si. 4 mol% 13,
O | D PdCl, O D 45 [69]
! 4 mol% !
o ¥c }Si )\(D o._c D
R /0T N0
CDj3 D CDs D
8Yield is not reported.
For regular aliphatic acids (e.g., acetic,® molar *H polarization (i.e., product of Py level (%) and

propionic,’® and lactic acids®™), ruthenium chloride and
palladium acetate are well suited as a transvinylation
catalytic system. However, this approach was inefficient
for synthesizing vinyl pyruvate, providing only 6%
yield.™ Carrera et al. proposed to protect the carbonyl
group of pyruvic acid by forming a diethyl ketal.®™ This
increased the yield of the transvinylation step to 19%,
although the total yield of the vinyl pyruvate product
over three steps was only ca. 8%.°1 Ding et al.
developed this approach further by using a photolabile
protecting group, which boosted the vyield at the
transvinylation step to 81%.1°®1 However, the overall
yield over the four steps was only 3%, primarily due to
the low efficiency of the deprotection step. The most
significant advance in the synthesis of vinyl pyruvate
was achieved by Brahms et al.® Their approach is based
on performing transvinylation reaction between pyruvoyl
chloride and a vinyloxy silane catalyzed by PdCl,. The
obtained yields of transvinylation step were boosted up
to 67%. Later, the same group refined and adopted this
approach to other vinyl a-ketocarboxylates, particularly
vinyl 2-oxobutyrate, divinyl o-ketoglutarate, divinyl
oxaloacetate.* For efficient polarization transfer at high
magnetic fields, deuteration of vinyl side arm is
preferable. To achieve this, Brahms et al. also developed
a two-step synthesis of vinyloxy silanes-ds starting from
THF-dg.[55%%

3. Pairwise parahydrogen addition to side
arm

The first step of the PHIP-SAH process is the pairwise
addition of p-H, to an unsaturated side arm, which is
typically catalyzed by a cationic rhodium complex,™
although heterogeneous supported metal catalysts can
also be used;™®™ this approach is detailed in Section 5.
To maximize an attainable heteronuclear NMR signal of
an HP reaction product, one needs to first maximize

concentration). Both are affected by various factors such
as the substrate structure (side arm and carboxylic
moiety), catalyst, solvent, concentrations, hydrogen
pressure, and temperature.

Salnikov et al. systematically investigated the
efficiency of PHIP-SAH of acetate and pyruvate esters
with ethyl, propyl, and allyl side arms using
corresponding vinyl, allyl, and propargyl precursors and
methanol-d, as the solvent!? The highest *H
polarizations (Py) were obtained for ethyl acetate (8.1%)
and allyl pyruvate (21%), while propy! esters were found
to be the least efficient. The measured pseudo-first order
rate constants for hydrogenation of propargyl esters were
found to be approximately an order of magnitude greater
than those of vinyl and allyl esters. Reineri and co-
workers confirmed these trends for lactate and pyruvate
esters—the use of propargyl precursors resulted in ca. 2—
2.5 times higher P,y compared to the case of vinyl
substrates.**©']

The effect of the carboxylic moiety structure was
not studied in much detail. This is understandable,
considering that the choice of carboxylate is primarily
motivated by its prospective biomedical applications.
However, recently, Brahms et al. investigated PHIP-SAH
polarization of several ethyl carboxylates and found that
«regulary vinyl esters (namely, vinyl acetate and vinyl
octanoate) are hydrogenated considerably faster than
electron-poor vinyl pyruvate and vinyl 2-oxobutyrate.
Moreover, in the hydrogenation of divinyl a-
ketoglutarate the two vinyl groups differ in reactivity
following these trends. The same team also explored the
feasibility of producing HP carboxylates using trivinyl
orthoester precursors, namely trivinyl orthoacetate.[””!
However, this approach was found to be inefficient as
hydrogenation of trivinyl orthoacetate led to the
formation of many side products.

Typically, PHIP-SAH studies employ cationic Rh
complexes with bidentate phosphine ligands, e.g.,
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[Rh(COD)(dppb)]* or [Rh(NBD)(dppb)]* (dppb = 1,4-
bis(diphenylphosphino)butane), as hydrogenation
catalysts, which is understandable as they are
commercially available. However, Itoda et al. showed
that the use of bidentate phosphines with PCy, groups
provides significantly higher conversion levels of vinyl
acetate and propargyl acetate compared to the standard
dppb-catalyst (Figure 1) as a result of a ca. 2-fold
increase in turnover frequency (TOF) and a ca. 4-fold
increase in the catalyst activation rate.l’! The resulting
polarization levels were slightly improved as well.

13C-hyperpolarized EA

@,

(@) Rh cat 1-5 (5 mM)
o bubbling parahydrogen
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Figure 1. (a) Scheme of *C PHIP-SAH of ethyl acetate
(EA) using vinyl acetate (VA) precursor. (b) *C
polarization levels of EA and (c) conversion rates of VA
using catalyst precursors 1-5. (d) *C NMR spectrum of
naturally abundant *C EA (ca. 40 mM) at thermal
equilibrium. (e) *C NMR spectra of HP EA produced
using catalysts 1 or 4 (initial concentration of VA 50
mM). S/N is a signal-to-noise ratio. (f) Stacked *C NMR
spectra of relaxing HP EA. 1 = [Rh(NBD)(dppb)]BF4, 2
= [Rh(NBD)(dcpe)]BF,4, 3 = [Rh(NBD)(dcpp)]BF,4, 4 =
[Rh(NBD)(dcpb)]BF,, 5 = [Rh(NBD)(dcpf)]BF,.
Adapted from Ref. ' published under a permissive
Creative Commons Attribution 3.0 Unported License
(CC BY-NC 3.0) by the Royal Society of Chemistry.

The solvent nature is an important factor in PHIP-
SAH process, affecting both hydrogenation and
hyperpolarization efficiency. Bondar et al. systematically
investigated solvent effects in the hyperpolarization of
[1-*C]pyruvate using the corresponding propargyl
precursor.l’™ Acetone-d; demonstrated a ca. 2 times
higher TOF than other solvents tested (methanol-d,,
toluene, 95:5 v/v toluene/ethanol mixture, CDClj, and

95:5 v/v CDCls/ethanol mixture), apparently as a result
of a higher lability of acetone ligand in the Rh complex
coordination sphere compared to methanol and substrate
(the latter inevitably fills the vacant sites when non-
coordinating toluene or chloroform solvents are used).
However, the highest polarization levels (Pyy = 21%,
Pisc = 9.2%) were obtained in methanol-d,, likely as a
result of the lowest contribution of singlet/triplet mixin

in intermediate complexes in the catalytic cycle."®’"
Aqueous-phase PHIP-SAH using a water-soluble
cationic Rh complex was also explored in some
studies.’”"? However, one should note that biomedical
applications of PHIP-SAH require the separation of HP
carboxylate from the catalyst and the solvent, making it
impractical to use such solvents as alcohols and water
(see Section 5 for details). Moreover, vinyl esters are not
compatible even with such solvents as acetone, as traces
of water induce cleavage of the side arm before
hydrogenation.["7%)

The effect of concentrations on PHIP-SAH
efficiency can be viewed as a double-edged sword. One
can use extremely low sub-millimolar substrate
concentrations (even having the catalyst in excess with
respect to the substrate), and obtain impressive *H and
3C polarization levels on the order of 50-60%.5"
However, the prospective biomedical applications require
high molar polarization, so a balance should be found. At
the same time, high substrate concentrations result in a
dramatic decrease in polarization levels due to
detrimental interactions of the high magnetization of the
sample with the NMR resonator, described in detail
below in Section 4.6.

There are other sources of polarization losses
directly related to the peculiarities of the hydrogenation
step. A slow rate of hydrogenation can lead to increased
detrimental effects of nuclear spin relaxation in the
product and reaction intermediates during
hydrogenation® and S-T, conversion.®®1  Another
factor is the possibility of non-pairwise p-H, addition,
which is especially relevant for heterogeneous
catalysts.'®) The typical approaches to circumvent
these polarization losses are to accelerate the reaction by
heating the hydrogenation reactor,/’ increasing p-H,
pressure and flow,">8" or using vigorous shaking,*® and
rational choice of hydrogenation catalyst.["

4. Polarization transfer to heteronuclei

The efficiency of polarization transfer from the added p-
H, to the heteronucleus in PHIP-SAH experiments
essentially depends on the starting point and the
evolution and manipulations thereafter—both points are
discussed in the following sub-sections in the context of
polarization transfer.

4.1. Initial spin order

The product acquires a nuclear spin order of p-H, upon
hydrogenation, initially at a singlet state. The spin order
survives the chemical addition, an essential requirement
for all subsequent steps. When the two protons stemming
from p-H, are strongly coupled, e.g., at low magnetic
fields under the so-called ALTADENA conditions,”) the
singlet state of the two spins is an eigenstate of the
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system. Hence, in the product the singlet spin state
described with the following density matrix is populated:

ps = |SHS| = i— (Fefb +ieft +12i2)  (Eq. 1)
where a and b are nuclei spin designators (see Figure 2a),
x,y,z are Cartesian axes, 1 is a unitary operator and
I}?,IA}’,’ etc. are the corresponding nuclear spin operators.
Here, it is assumed that pure p-H, (i.e., 100% p-H,
enrichment) was used and relaxation is negligible. The
same spin order can be achieved even at a high magnetic
field if a sufficiently strong continuous wave (CW)
irradiation or a decoupling RF pulse is applied. #2887

When the experiment is carried out in the weak
coupling regime instead, e.g., at a high magnetic field
under the so-calleld PASADENA conditions,®!
the singlet spin state is not an eigenstate of the system of
these two chemically inequivalent spins. As the HP
product formation events are distributed over time, when
the spin order of p-H, is projected on a new spin system,
only one element of the singlet spin state (the one parallel
to an external magnetic field) is preserved, given by the
following density matrix:

p=1- LKL (Eq. 2)
(again, assuming pure p-H, and neglecting relaxation).

In reality, additional interactions in the product and
catalyst perturb the spin state of nascent protons.® For a
more detailed analysis of these factors, we refer the
reader to the insightful review by Natterer and Bargon. !
At the same time, these interactions enable spin order
transfer to other nuclei.

4.2. An ideal spin system

The typical spin system of PHIP-SAH tracer is
characterized by two vicinal protons on the side arm
(originating from p-H,), a target *C nucleus of the
carboxylic moiety 3-5 bonds away from them, and other
protons, deuterons, or *C nuclei, depending on the
chosen molecule (a simplified scheme is presented in
Figure 2a). While the J couplings between the p-H,-
derrived protons, J*®, are usually relatively strong, on the
order of 7-11 Hz, the couplings to the **C, J* and J*°, are
typically weaker® (here a and b denote the two nascent
p-H, protons, with the latter one being closer to the *C
nucleus than the former; ¢ denotes *C nucleus, see
Figure 2). For example, for ethyl pyruvate, J* = 7.1 Hz,
J** = 3 Hz and J* =~ 0.1 Hz.P” In contrast, in allyl
pyruvate the heteronuclear J couplings of interest are
much weaker, J° = —0.18 Hz and J* = 0.2 Hz.®" Thus,
vinyl esters are considered to be the most attractive
precursors for PHIP-SAH due to stronger interactions
enabling much faster direct polarization transfer. The
duration of the polarization transfer is critical due to the
effects of relaxation.

At the same time, the allyl ester motif turned out to
be also very efficient in polarizing distant **C nuclei
despite almost negligible direct couplings between the
nascent *H and target **C nuclei. For this, an additional
'H or 3C spin is introduced in-between; the polarization
is transferred from the added HP protons to the target *C
via this intermediate nucleus (e.g., *C as a part of

BCD,*%% or *H as a part of CDHF?) as discussed below.
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Figure 2. Schematic of spin order transfer in PHIP-
SAH experiments. (a) A simplistic H*HC PHIP-SAH
spin system, e.g., a simplification of ethyl pyruvate
where only two p-H,-derived protons and *C carboxyl
nucleus are considered, and spin-spin interaction J* is set
to zero (in reality it is a small but nonzero value, ca. 0.1
Hz), two other interactions are J° = 3Hz and J® =
7.1 Hz. (b) For this system, ESOTHERIC RF-SOT
allows for complete polarization transfer from IZ 17 to .
Note that the spin order diagram here ignores coefficients
for simplicity. (c) For this system, MFC with a simple
linear ramp of the magnetic field, Byrc(timeyec), from 0
to 0.5 uT during 1 s also enables the complete transfer of
population from S®ac state to TEPBS, while S* B¢
retains its population. Hence, starting with equal
populations of o and B¢ states (no polarization on *C),
in the end, MFC results in 100% population of the B¢
state or maximum (here negative) net polarization of **C
— I<. Here, the dashed line in the magnetic field profile
indicates that the field will eventually increase, but
during the sample transfer, this field is less critical for
SOT and typically not well controlled.

2666000000
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Deuterating a PHIP-SAH precursor simplifies the
spin system, making the polarization transfer more
efficient due to the symmetry of spin-spin interactions.
For example, it is impossible to hyperpolarize the
carboxyl **C nucleus of ethyl esters to more than 50%.1°*]
However, deuteration resolves this restriction by
breaking the symmetry constraints and making the spin
system at high field essentially an AMX system with up
to 100% polarization transfer allowed theoretically.

4.3. Polarization via RF irradiation in a weak
coupling regime (at high magnetic fields)
Many RF pulse sequences for polarization transfer are
ascending back to the insensitive nuclei enhanced by
polarization transfer (INEPT) pulse sequence developed
by Morris and Freeman in 1979.°4 In a very detailed and
complete review at the time, Green et al. in 2012
described the physics of INEPT and its modifications for
p-H,-related experiments.[*!

The parahydrogen and INEPT-enabled
hyperpolarization (phINEPT+) sequence was one of the

https://doi.org/10.26434/chemrxiv-2024-7v4l7 ORCID: https://orcid.org/0000-0003-2266-7335 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7v4l7
https://orcid.org/0000-0003-2266-7335
https://creativecommons.org/licenses/by-nc-nd/4.0/

first high-field RF pulse sequences developed for the
transfer of PHIP to heteronuclei.®® Here, “+”
traditionally stands for the refocused version of INEPT,
where in-phase polarization on heteronuclei is generated,
and the first pulse is 45° instead of 90° as in conventional
INEPT, which maximizes the polarization transfer for a
two-spin order of p-H, (Eq. 2). However, phINEPT+
does not allow for a complete polarization transfer even
for a simple AMX spin system. Optionally, one can
modify it to have only selective pulses to improve the
efficiency, which in some cases could enable complete
polarization transfer.®”)

The INEPT sequences were redesigned in the form
of the ESOTHERIC (efficient spin order transfer to
hetero nuclei via relayed inept chains) sequence,®®8081
which uses only hard (broadband) pulses and
theoretically allows for a 100% polarization transfer
(Figure 2b). For example, this SOT sequence was used to
prepare HP tracers for in vivo experiments.*! Also, other
sequences, like alternating delays achieve polarization
transfer (ADAPT)®®%! and others, were used in the PHIP
context but not in PHIP-SAH systems yet.

It should be noted that the sequences discussed here
are not specifically designed and used only for **C PHIP-
SAH—other nuclei were also successfully polarized like
N in  conventional  PHIP®M  or  SABRE
experiments®*'®Y where these sequences were used to
measure J coupling constants®® or chemical
exchange™®1%! highlighting the importance of the SOT
methods and their general utility.

There are many frequency-selective variants of such
SOTsI971%] jncluding relayed polarization transfer from
p-H, to the neighboring protons® or *C!®*¢? and then to
the final target **C. The combination of ESOTHERIC
and **C-"3C relayed polarization transfer is also referred
to as maximizing insensitive nuclei enhancement reached
via parahydrogen amplification (MINERVA).[2¢8 This
polarization relay approach extended the scope of
efficiently polarized PHIP-SAH tracers to those where
direct p-H,-to-*C interaction is negligible, like in allyl
esters. Moreover, the use of a hard pulse on **C channel
with a variable flip angle allowed to control polarization
transfer to the **C-2 site in [1,2-2*C,]pyruvate-dg: with a
90° pulse the polarization is completely transferred to the
3C-2 site, while with a 45° pulse, both sites are polarized
but with the opposite phases.!*")

4.4, Polarization via RF irradiation in a strong
coupling regime (at low magnetic fields)

At low magnetic fields, the difference of Zeeman
interactions between a magnetic field and the two protons
originating from p-H, is negligible (the chemical shift

difference in Hz is much less than the mutual J coupling).

Therefore, despite the obvious chemical inequivalence of
these protons in PHIP-SAH systems, they can be treated
as chemically equivalent, making it possible to adapt RF
sequences initially designed for spin systems with
chemically equivalent protons at high fields! %! for this
case. In particular, adiabatic variation of these RF
sequences can be employed.!%”

Interestingly, ESOTHERIC-based SOT sequences,
initially designed for the high-field case, can still be used
at low fields if additional **C labeling is introduced right

next to the triple bond where p-H, protons are added.!®”
This carbon (via the strong J coupling of 160 Hz) makes
p-H, protons experience different magnetic fields even at
low external fields, making sequence efficient at these
conditions as well. In fact, more specialized sequences
were designed for this purpose by Goldman et al.?8"]
and Kadlecek et al.™*@ much earlier, although they have
not yet been tested in the PHIP-SAH context.

4.5. Polarization transfer via magnetic field cycling
In addition to RF field-induced SOT, DC magnetic field
cycling (MFC) is another efficient way to transfer
polarization from p-H, to heteronuclei.™™ This
polarization transfer can be explained by the correlation
of energy levels during the ramp of the magnetic field
(Figure 2c). When the magnetic field reaches the energy
level anti-crossing (LAC) of the singlet-state-populated
levels of the two protons stemming from p-H,, the
heteronuclei can be hyperpolarized.™*™**! This concept
was adopted for PHIP-SAH ® and enabled polarization
of pyruvate sufficient for in vitro spectroscopy!™***®! and
in vivo imaging.®!

Despite the progress in the development of MFC™*"-
19 the levels of polarization achieved using the MFC
approach for the PHIP-SAH system even theoretically
are lower than in the case of RF SOT sequences. One of
the reasons is the presence of numerous strong
interactions between protons of a side arm. While at high
field the deuteration™®! or selective excitations®**!
reduce the number of spins involved in the process of
polarization transfer, at low fields this is not the case, and
deuteration can even be detrimental for efficient MFC.["®

4.6. Problems with spin order transfer methods
As with all SOT sequences, there is a large influence
from imprecise settings, like RF pulse amplitude!’® and
erroneously determined J coupling constants,®>*? or
when pH is very close to pKa of the molecule so that J
coupling interactions are modulated™®! or labile protons
are exchanging.[*?-122

Despite advances in catalysis®?® and PHIP
instrumentation,*??  100%  polarization was not
demonstrated on heteronuclei. One of the examples
closest to the theoretical maximum was the
hyperpolarization of ethyl [1-'*CJacetate-ds: after
pairwise p-H, addition and application of ESOTHERIC
RF SOT Pi3c = 60.5% was achieved at ca. 1 mM
concentration.® Later, it was rationalized that a further
increase in concentration results in effects that prevent
the system from a further increase of molar polarization.
The reason is that in the discussed SOT approaches (RF
and MFC) it is assumed that the magnetic field of the
sample itself is negligible. However, this is not the case
when highly polarized spins are present. When the
system has high magnetization (i.e., a high product of
concentration and  polarization), then  nonlinear
interactions of the sample with the NMR resonator (RF
coil) affect the spin dynamics leading, among others, to a

distant dipolar field"®! (also referred to as
demagnetization  field™®), radiation damping,!**"}
RASERI132 and even intermolecular polarization

transfer through dipolar interactions.**>3 All these
lead to the reduced SOT efficacy. At the same time,
RASER can offer interesting and unique opportunities
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for investigating nonlinear systems and background-free
detection of HP species.*5"]

Instead of using magnetization as a value with rather
unhandy units, it is more practical to report molar
polarization. So, Dagys et al. demonstrated that their
system-sample interaction prevented the generation of
more than 60 mM 'H molar polarization of dimethyl
maleate.™® Several approaches were proposed to resolve
the issue of high molar polarization of the sample:
reduced field homogeneity,™* repetitive refocusing,
bipolar pulsed field gradients,?”! and implementing a
Lee-Goldburg decoupling sequence.’®* %% As the
achieved molar polarization values are constantly
increasing, the PHIP-SAH SOT techniques will be
modified to compensate for such sample-resonator
interactions, delivering polarization closer to the
theoretical maximum.

5. Side arm removal and purification of
hyperpolarized bolus

The next step after polarization is transferred to
heteronuclei is the cleavage of the side arm, typically
done wusing alkaline hydrolysis. Interestingly, this
approach was first implemented in 2012 using PHIP-
hyperpolarized ethyl acetate, aiming to obtain ‘H HP
ethanol.**Y) However, hydrogenation occurred in D,0,
and removing the toxic catalyst was not attempted.

The first paper describing PHIP-SAH approach
proposed a strategy for purification of hyperpolarized
samples.®  According to this procedure, the
corresponding unsaturated substrate is hydrogenated in
an organic hydrophobic solvent (e.q9.,
chloroform/methanol mixture) followed by SOT to
carboxylic *C nucleus in the product molecule (acetate
or pyruvate). Then, an aqueous base (in the original
paper, NaOD was used™®) is added to initiate (i) the
cleavage of the side arm via hydrolysis and (ii) the phase
separation in such a way that the homogeneous catalyst
being retained in the organic phase, while the
hyperpolarized target molecule (acetate or pyruvate
sodium salts) is extracted in the aqueous phase. This
approach was inspired by the previous work, in which
sodium succinate in aqueous media was obtained via
phase transfer.'*? Finally, to produce a hyperpolarized
sample with the physiological pH value (7.0-7.4),
addition of a buffered acidic solution is needed.

The polarization level observed on the target
carboxylate after hydrolysis of the HP ester depends on
the maintenance of the *C hyperpolarization during
hydrolysis and phase extraction. In the next paper on the
topic,®¥ the addition of sodium ascorbate to aqueous
base solutions was suggested. It is assumed that such an
oxygen scavenger would reduce the polarization losses
for lactate caused by the paramagnetic impurities derived
from catalyst degradation, which were identified using
electron paramagnetic resonance spectroscopy.® Later,
the effect of adding sodium ascorbate on the **C
polarization losses was quantified:™**! the observed Pisc
of [1-**C]pyruvate increased from 3.4% to 5.2% when
50 mM ascorbate was added, accompanied by the
increase of the ®C T, relaxation time at the Earth’s

magnetic field from ca. 42s to ca. 54s. The “C
polarization of [1-**C]pyruvate, back-calculated to time
zero, was estimated as 9.4 &+ 0.5%, while the polarization
level obtained on the allyl ester before side arm cleavage
was 10 £ 1%, meaning that **C hyperpolarization is
almost intact during the hydrolysis and phase extraction
steps.

The organic solvent used in the pioneering PHIP-
SAH work® was a chloroform/methanol mixture; the
addition of methanol was motivated by the fact that it
promotes hydrogenation via coordination to the
intermediate Rh species in the catalytic cycle.!*™>* To
further improve the biological compatibility of the
hyperpolarized tracer solution, it was first proposed to
use ethanol instead of methanol,®* so hydrogenation was
performed in chloroform/ethanol mixture (5:1). Later, the
concentration of ethanol was first minimized,® and then
ethanol was completely removed from hydrogenation
procedure.'>*% Chloroform is a non-coordinating
solvent, and the activation of the catalyst precursor in
chloroform (via hydrogenation of COD or NBD diene
ligands) leads to the formation of non-catalytically active
dimers; ™! however, it was demonstrated that the active
catalyst can be stabilized using unsaturated ester
precursor™ directly. The series of cytotoxicity
experiments™™® performed on different prostate cancer
cell lines (DU145 and PC3) indicates the beneficial effect
of ethanol removal from the PHIP-SAH procedure on the
cells’ viability. Moreover, it was demonstrated that the
aqueous solution of hyperpolarized [1-*C]pyruvate
produced via the PHIP-SAH approach has moderate
toxicity only after 24 h of incubation, and the toxicity
appeared to be mainly caused by traces of chloroform
while the hydrolysis side-product (allyl alcohol) did not
affect cell viability after 24 h of incubation.

Chloroform is not miscible with water, but is still
soluble to some extent (0.052 wt% at 293 K). The final
concentration of chloroform in aqueous bolus of HP
pyruvate was estimated as 30 + 2 mM."™ The filtration
of aqueous solution using a lipophilic resin was also
tested;”™ the chloroform concentration was thus reduced
to 0.5 £ 0.1 mM, which is lower than the values
recommended by Environmental Protection Agencies for
water quality criteria.[”™!

Gloggler and coauthors! presented another
purification strategy for obtaining a biocompatible
aqueous solution of HP metabolites via PHIP-SAH: the
hydrogenation is carried out in a volatile organic solvent
(acetone), which is miscible with water. In this case, the
removal of the toxic solvent is achieved via evaporation,
and Rh catalyst precipitates due to a low solubility in
water. The residual concentration of acetone in aqueous
phase was estimated as < 43 mM. The residual Rh
concentration in the final solution was found to be below
45 uM by inductively coupled plasma mass spectroscopy
(ICP-MS) analysis, which corresponds to a 150-fold
reduction from the value in the starting solution.

A similar approach was utilized in the work of
Nagel et al:1*! hydrogenation of unsaturated pyruvate
precursor took place in acetone-dg followed by SOT to
C (driven by RF irradiation at a 100 uT field), and then
sodium hydroxide was added to initiate the cleavage of
the hydrogenated side arm moiety; however, the phase

62,107]
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separation of the organic and the aqueous phase was then
initiated with the addition of methyl tert-butyl ether
(MTBE). Moreover, the side arm of the ester was
specially designed for poor water solubility, making the
purification process via phase extraction after cleavage
more efficient. Such a purification process significantly
reduces Rh and acetone concentration in the produced
HP sample: the residual Rh and acetone concentrations
were 117 + 10 uM and 90 + 17 mM, respectively. As a
result, a sample of 70-160 mM [1-"*C]pyruvate with P3¢
~ 18% with a volume of up to 2 mL was produced. !
Another possibility for producing catalyst-free
aqueous solutions of hyperpolarized tracer is to perform
hydrogenation in water using heterogeneous catalysts
that can be easily filtered. Using this approach, *C
hyperpolarization was obtained for ethyl acetate!™*%%14¢]
via heterogeneous hydrogenation of vinyl acetate in
aqueous medium over a solid catalyst. However,
heterogeneous catalysts are inferior to homogeneous ones
in the preservation of singlet order of p-H, in the
hydrogenated products: supported Rh/TiO, catalyst
provided Py5c of only ca. 0.1% for ethyl acetate.’! The
specially designed Pd™" or RhM [igand-stabilized
nanocatalysts provide higher *3C polarization levels for
ethyl acetate (0.2 and 1.3%, respectively), but at the cost
of very low chemical conversion. The same Rh
nanocatalyst  (N-acetyl cysteine  decorated Rh
nanoparticles) was used for PHIP-SAH of a-amino
acids™® (glycine and alanine) directly in aqueous

solutions via hydrogenation of corresponding vinyl esters.

Moreover, hyperpolarized sodium salts of glycine and
alanine were obtained via hydrolysis with NaOD, and the
observed Py levels of °C carboxylic sites were 0.29
and 0.25% for the free glycine and alanine, respectively.

6. In vitro and in vivo applications

Ultimately, the main goal of the PHIP-SAH technique is
the hyperpolarization of biomolecules for further
detection and quantification of signal-enhanced
metabolites in vitro and in vivo. As of today, in vitro and
in vivo applications of PHIP-SAH are mostly limited to
pyruvate, which is not unexpected considering the crucial
role of pyruvate in cellular metabolism and, in particular,
the presence of pyruvate metabolism disorders in
unhealthy tissues, and impressive clinical studies
pioneered with dDNP.*>® pyryvate is the terminal
product of glycolysis and can then undergo several
metabolic transformations: transamination into alanine
catalyzed by alanine transaminase (ALT), reduction into
lactate catalyzed by lactate dehydrogenase (LDH), and
decarboxylation into  acetyl-CoA by pyruvate
dehydrogenase complex (PDC). The rates of these
reactions strongly depend on the cellular conditions as a
whole, particularly the redox potential and the oxygen
concentration. It is widely known that cancer cells have
altered metabolism, in particular, acidic extracellular pH,
increased glucose uptake, and increased production of
lactate (this is referred to as the Warburg effect!**%*5%),
These hallmarks of cancer cell metabolism are used to
diagnose a wide range of tumor types.B3>**! In terms of
diagnostic specificity, magnetic resonance spectroscopic

imaging (MRSI) along with **C-hyperpolarized pyruvate
administration is of particular interest, since it allows
monitoring the pyruvate-to-lactate conversion and
mapping LDH activity.!*?

In vitro applications of PHIP-SAH-HP compounds
typically involve either following the kinetics of their
enzymatic or nonenzymatic transformations or metabolic
studies in cell lines. For example, PHIP-SAH **C-
hyperpolarized pyruvate was used to investigate the
kinetic parameters of LDH-catalyzed conversion of
pyruvate into lactate.!* The same group of authors also
performed a similar study using HP [1-**C]lactate in a
backward enzymatic reaction, i.e., oxidation of lactate to
pyruvate catalyzed by LDH.Y Later, Korchak et al.
demonstrated the possibility of observing enzymatic
pyruvate-to-lactate conversion at a low 24 mT magnetic
field using HP [2-**C]pyruvate-d;.*™ Using a **C nucleus
in position 2, they could distinguish pyruvate and lactate
at this low field with negligible chemical shift difference
due to strong oy coupling in [2-3C]lactate-ds. Recently,
it was shown™" that HP [1,2-**C,]pyruvate-d; can also
be used to monitor nonenzymatic reaction of pyruvate
with H,0,. The formation of acetate, carbon dioxide,
carbonate, and bicarbonate products was demonstrated.
Moreover, the detection of 2-hydroperoxy-2-
hydroxypropanoate intermediate of this reaction was
made possible through NMR hyperpolarization. Later, it
was shown that the HP HCO;/**CO, pair formed in
this reaction can be used as a pH sensor.**?

Concerning in cell studies, Mamone et al.
demonstrated the possibility of the real-time monitoring
of pyruvate-to-lactate conversion in HelLa cells, a
prototypical cancer cell line, wusing HP [1-
BClpyruvate.®® 1t was also shown that HP [1-
BClpyruvate metabolic conversion can be used for
assessing the cancer cell lines aggressiveness. In
particular, Reineri and co-workers used PHIP-SAH-HP
[1-*C]pyruvate to study two breast cancer cell lines
(168FARN and 4T1)™® and three prostate cancer cell
lines (DU145, PC3, and LnCap)."'® Both works showed
that the rate of pyruvate-to-lactate conversion strongly
depends on the aggressiveness of the cell line (Figure 3)
and on the state of cells (intact or lysed). PHIP-SAH-
hyperpolarized [1-**C]pyruvate-d; has been used for
investigations of Hodgkin lymphoma cancer cell line
(L1236).%%% 1t was demonstrated that the anti-cancer
therapeutic  FK866  (inhibitor of  nicotinamide
phosphoribosyltransferase) significantly reduces the rate
of pyruvate-to-lactate conversion. This inhibition effect
can be recovered by supplying the cells with NADH,
allowing for performing two consecutive measurements
on the same cell sample.®! HP [1-**C]pyruvate-d; was
also used to study cellular models of Parkinson’s
disease.’®® This work examined the effect of a-synuclein
protein expression on the rate of pyruvate-to-lactate
conversion, and it was shown that HEK 293T cell line
with overexpression of a-synuclein gene had twice the
rate of conversion in comparison with the cell line in
which a-synuclein gene was knocked out. Also, this
work demonstrated the feasibility of combining protein
structure determination and metabolic analysis on the
same cell sample. It is important to note that HP [1-
BClpyruvate can be used to study LDH activity in intact
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cells in contrast to conventional biochemical assay.
Hyperpolarization is noninvasive and enables for a

multiple administration and analysis of cells and
organoids that is useful for longitudinal studies.*>**®!
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Figure 3. (A) A series of *C NMR spectra acquired after the perfusion of a cell suspension (10M PC3 cells) with the
aqueous solution of HP [1-*C]pyruvate. Spectra were acquired using a small flip angle pulse (18°) and 2 s delays
between the scans. (B) An expanded **C NMR spectrum at the maximum intensity of the lactate signal. (C) Time-
dependent pyruvate and lactate curves obtained from the integrals of the signals of the two metabolites in the **C NMR
spectra reported in (A). (D) Time-dependent lactate curves obtained after adding HP [1-"*C]pyruvate to a suspension of
DU145, PC3, and LNCaP cells. Adapted from Ref. ™ published under a Creative Commons Attribution 4.0

International License (CC BY 4.0) by Frontiers Media.

Another application of hyperpolarized tracers is in
vivo MRI visualization of tumors. For the first time, the
feasibility of using PHIP-SAH-HP [1-**C]pyruvate for in
vivo metabolic imaging was demonstrated by Cavallari et
al. in 2018.°" The possibility of detection of metabolic
disorders before the development of the disease was
demonstrated on a mouse model of dilated
cardiomyopathy. For genetically modified Lmna mice
(mutations lead to several diseases, particularly
cardiomyopathy), the reduced rate of pyruvate-to-lactate
conversion was observed compared with a control wild-
type line. Subsequent studies examined the rate of
pyruvate-to-lactate conversion using hyperpolarized [1-
BClpyruvate-d; in  human cancer  xenografts:
melanoma,® pancreatic and colon™® tumors. These
works showed that the pyruvate-to-lactate conversion can
be monitored in vivo along with its Kkinetics in real time
(Figure 4). Moreover, the different rates were observed
for various types of tumors,™*® which is important for
potential diagnostics and tumor grading.

Also, Hune et al.’*" demonstrated the possibility of
using HP [1-**C]pyruvate to study multiple organs in
separate injections to determine the rate of pyruvate-to-
lactate conversion in these organs in vivo in mice. This
approach allows to investigate the relationship between
metabolism in different regions of the body of the same
animal and to reduce the number of animals used in
biological studies, which is important for further scaling
of such studies and a way to go for a whole body
molecular MRI.
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Figure 4. (A) Single scan *C NMR spectrum acquired
with a 10° pulse 10 s after the injection of HP [I-
1¥C]pyruvate-d; into melanoma tumor-bearing mouse.
(B) Anatomical 'H image with the tumor region indicated
in red. (C) **C pyruvate image and (D) lactate image in
the tumor region. The image is acquired 20 s after the
injection. Adapted from Ref. % published under a
Creative Commons Attribution-Noncommercial 4.0
International License (CC BY-NC 4.0) by Wiley-VCH
GmbH.
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One of the key questions raised regarding the
potential use of the PHIP-SAH approach in biological
research is its comparison with the dDNP method in the
context of in vivo applications. Recently,™ [1-
BClpyruvate hyperpolarized using PHIP-SAH approach
in an automated hyperpolarizer was benchmarked in the
in vivo 3D metabolic MRI against [1-"*C]pyruvate

hyperpolarized with a commercial dDNP device.
Eventually, it was shown that safety profile, image
quality and the measured rate of pyruvate-to-lactate
conversion are equivalent for PHIP and dDNP
approaches (Figure 5). Thus, this work proves that the
PHIP-SAH method is a strong alternative candidate to
established dDNP in the context of biological studies.
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Figure 5. Comparison of metabolism in rat tumors and mice kidneys between PHIP-SAH and dDNP HP [1-
BClpyruvate using a dual metabolite targeted spectrally-selective bSSFP sequence. (a—f): PHIP-SAH and dDNP
datasets of a Mat B 111 tumor-bearing rat showing the distribution of injected HP [1-"*C]pyruvate (b,d) and lactate (c,e).
In the corresponding anatomical reference (), the tumor and kidney are drawn in yellow and green, respectively. The
tumor 3D ROI pyruvate and lactate time curves are shown in (f). (g): A comparison of rat tumor area-under-the-curve-
ratio (AUCR) values of PHIP-SAH and dDNP shows a very good correlation between the two methods (R? = 0.90). (h—
1): pyruvate and lactate distributions in a tumor-bearing mouse are shown, with the corresponding anatomical reference
in (h). Tumor (yellow), kidneys (green), and blood vessel (red) ROIs are depicted. A [1-**C]lactate phantom for RF
power calibration is visible in the top right of the panels (h,j,I). (m): signal intensity time curves from the left kidney
(green ROI). (n): correlation of PHIP-SAH and dDNP AUCRs of mouse kidneys (R® = 0.27). Dashed lines in (g,n)
indicate the 95% confidence interval. The signal intensities in (b,c,d,e,i,j,k,I) were scaled to maximum value for better
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comparability. Adapted from Ref. ! published under a Creative Commons Attribution 4.0 International License (CC

BY 4.0) by Wiley-VCH GmbH.

It is important to note that although almost all of the
described in vitro and in vivo studies focused on the use
of HP pyruvate, there are no fundamental limitations on
the use of other PHIP-SAH-HP carboxylate
biomolecules, e.g., acetate, a-ketoglutarate, and others.
Therefore, we envision using this method to
hyperpolarize a wide range of biomolecules for further in
vitro and in vivo studies in the near future.

7. Summary and outlook

To summarize, the PHIP-SAH approach has enjoyed a
rapid development over the past 10 years since the
introduction of this concept by Reineri et al.l*®
Significant improvements were made in developing SOT
methods and the synthetic design of PHIP-SAH
precursors, including tailored isotopic labeling. As a
result, the attainable polarizations were increased up to
ca. 60% for products of pairwise parahydrogen
addition!®® and up to ca. 37% for the purified carboxylate
after side arm cleavage and purification of an HP

sample™? (see Table 2 for a summary of achieved
polarizations for pyruvate). The molar polarization of [1-
BClpyruvate as high as 29 mM has been reported. %

One can envision several possible directions of
future advances in PHIP-SAH. First of all, HP pyruvate
production efficiency can be further increased, mainly
via engineering optimization of all PHIP-SAH steps,
which was rarely done in research settings. Second, the
PHIP-SAH approach can be advanced to other
biologically important carboxylates beyond pyruvate.
Moreover, other heteronuclei, e.g., N or *P, can be
hyperpolarized via PHIP-SAH—a pilot study with
ph[cigghate esters was recently reported by Zlobina et
al.

Altogether, the recent advances positioned the
PHIP-SAH approach as a viable alternative to the dDNP
method, which is already well-established in clinical
studies. As PHIP-SAH is more affordable and has a
higher throughput than dDNP, we expect that this
approach will pave the way for clinical applications in
the coming years.

Table 2. The achieved *C polarization levels (% and molar) of pyruvate in published literature (grouped by the used
SOT methods (RF at high field / RF at low field / MFC) and substrate). N/A = data are not available.

PHIP-SAH product SOT method D Ref.
P % Molar Pysc, P % Molar P3c,
13C» mM 13C» mM
Ethyl [1-"CJpyruvate-d, ESOTHERIC 14 14 - - 78]
Ethyl [1-PCJpyruvate-d MINERVA 60+3 [7.8x04 27+1 35+0.1 1581
Ethyl [1-BCJpyruvate-dg MINERVA 53+2 | 27+1° 12 +4 g+3° 0]
Ethyl [1-*C]pyruvate-d MINERVA N/A N/A 860'25 * 14.66 £0.02 | 1t52
Ethyl [2-*C]pyruvate-dg MINERVA (1)07'7 * | 107007 |39+04 |039+004 |
24.4 + b b b
13 ~ b 2.44 +0.04 6.5+04 0.65+0.04 [68]
Ethyl [1,2-°C,]pyruvate-ds MINERVA ?zzzi - 24202° | 741 07+01°
1
2an ol 13 H-relayed 7.1+ 0.043 + [92]
But-3-en-2-yl-d, [1-°C]pyruvate ESOTHERIC 0.4 0.18+0.01 | 43+0.2 0.002
Cis-[2-"*C]cinnamyl-1-d, [1-®C]pyruvate MINERVA 24 13 8 0.96 1521
Cis-[1-"*C]cinnamyl-1-d, [1-®C]pyruvate MINERVA 14+2 [8+1° N/A N/A 1153]
Cis-[1-2C]cinnamyl [1-°C]pyruvate-di MINERVA (1)764 = | 174006 | 86+07 |086+007 |8
Cis-[2-2C]cinnamyl-d; [1-C]pyruvate MINERVA 145 N/A 6.5 2.6 11571
Ciis-[1-3C]cinnamyl [2-*Clpyruvate-ds ESOTHERIC 25+2 | 10900 | 1%3F 22240020 | U
Cis-cinnamyl-1-d [1-BC]pyruvate B, sweep @ 100 uT | 9.8 35 — — 1209]
Cis-(4-tert-butoxycarbonyl)prop-2-enyl-1-d, [49]
[1-3C]pyruvate B, sweep @ 100 uT | N/A N/A 18+1 29
Ethyl [1-°C]pyruvate MFC S Jais02 |- - (67
Allyl [1-**C]pyruvate MFC g'g * 6.3+0.5% 52+02 | N/A [243]
Allyl [1-33C]pyruvate MFC o2t A 35405 | 12402 [51
13 6.2 + [67]
Allyl [1-~C]pyruvate MFC 03 3.5+0.2 - -
8.4+
13 0.6° 6.0 +0.4° 3.4+0.6° 1.7 +0.3° [75]
Allyl [1-"Clpyruvate MFC 52+ [ 40+05 | 22403 | 0662009
0.6

“Calculated assuming 100% conversion (actual conversion is not reported). "1-
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3C site. ©2-1C site. “After side arm cleavage but

https://doi.org/10.26434/chemrxiv-2024-7v4l7 ORCID: https://orcid.org/0000-0003-2266-7335 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0



https://doi.org/10.26434/chemrxiv-2024-7v4l7
https://orcid.org/0000-0003-2266-7335
https://creativecommons.org/licenses/by-nc-nd/4.0/

without purification. ®In 95:5 toluene/ethanol mixture. fin CDCl,.
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