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ABSTRACT

Sensitivity is a central issue in Magnetic Resonance based techniques,
i.e. NMR spectroscopy and Magnetic Resonance Imaging (MRI). Different Hy-
perpolarization methods have been developed in the last few decades in order
to increase the intensity of NMR signal thousands of times, with respect to
thermal equilibrium. As far as the application of hyperpolarized substrates to
medical diagnostics is concerned, d-DNP (dissolution-Dynamic Nuclear Polar-
ization) is the gold-standard method and several clinical studies are currently
ongoing. Among all the metabolites that have been hyperpolarized by means
of d-DNP, pyruvate is the most widely applied and the only one that has been
translated to clinical research. Unfortunately, the cost of purchase and mainte-
nance of d-DNP polarizers is quite high and the polarization cycles are rather
time-consuming. These features strongly limit the application of this power-
ful diagnostic tool to few research sites. ParaHydrogen Induced Polarization
(PHIP) is a hyperpolarization method significantly less technically demanding

than d-DNP and the polarization cycles are much faster. The work reported in



this thesis deals with the development of PHIP hyperpolarization of metabolites
for in-vivo MRI and MRS studies. After an introduction to the MR, hyperpo-
larization methods in general, the first experimental chapter is dedicated to the
hyperpolarization of pyruvate by means of PHIP-SAH (PHIP and Side Arm
Hydrogenation), a strategy introduced by this laboratory a few years ago. The
main factors that determine the hyperpolarization level on the product and the
strategies that can be applied to increase it are described. The second and
third experimental chapters (Chapters 3 and 4) are focused on the application
of this metabolite, hyperpolarized by means of PHIP, to biological studies. In
particular, in chapter 3, HP-pyruvate has been used for the investigation of
metabolism in prostate cancer cells characterized by different aggressiveness
while in chapter 4 the work has been dedicated to improve the biocompatibility
of the solutions of HP-pyruvate. The last chapter is dedicated to the use of
Zero and Ultra Low Field (ZULF) NMR for the detection of PHIP polarized
metabolites. ZULF-NMR is an emerging field of MR based techniques, based on
the detection of MR signals without the application of a strong magnetic field,
which is usually employed in conventional NMR and MRI machines. The use of
ultra low magnetic field (below geomagnetic field) reduces the size and the cost
of NMR, but also the intensity of MR signals, therefore hyperpolarization is an
ideal partner for ZULF detection. In this chapter, the fundamentals of ZULF
NMR are briefly discussed and the studies carried out using two metabolites

(fumarate and pyruvate) are reported.
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CHAPTER 1

INTRODUCTION:
HYPERPOLARIZATION IN
NMR.
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

1.1 INTRODUCTION

Important characteristic of the atom and nuclei is the magnetic moment
. Only nuclei for which mass number M and number of protons Z are even
have no magnetic moments (¢ = 0). They include an even number of protons
and neutrons (12C, 160, 28Si, 32S, and others). These nuclei cannot be studied
by NMR. All other nuclei (118 stable isotopes, 104 known chemical elements
of the Periodic Table) have magnetic moments, and NMR can be observed for
them. These magnetic nuclei differ in the magnitude of the magnetic moments
and in the value of the nuclear spin I. Spin is the intrinsic angular momentum
of a particle, electron, or atomic nucleus.

To understand better angular momentum, let’s discuss situation when we
have two particles with spin I; = I = 1/2 (as example it could be two proton
atoms at the hydrogen molecule). Hydrogen consists from two spins 1/2 that
are magnetically equivalent and couplet through J-coupling interaction. In this
situation total angular momentum (J) will be J = |I; - | =0 or J = | + |
= 1. In case of the total angular momentum J = 1 we can tell about parallel
spins and antiparallel in case of 0 angular momentum.

These states have different energy with the azimuthal quantum number
M, ranging from —J to J (total number of states are calculated by the formula
2J + 1). At the isotropic environmental as a result will be obtained triplet state
(three similar energy level) for total angular momentum equal one and singlet
in case of J = 0, that explains different states of the hydrogen molecule (more
will be describing later).

The presence of spin in the particles also leads to the existence of a
magnetic moment in it, with which magnetic resonance deals. Nuclear magnetic
resonance is the phenomenon of resonant absorption of electromagnetic

radiation (radio frequency range) by a system of nuclear magnetic moments
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

placed in an external magnetic field. Atom with the spin I = 1/2 after placement
to the external magnetic field has two energy levels that can be labeled o and

[ and are called eigenstates of angular momentum or Zeeman eigenstates:

11
o) = |§7+§>
11
8)=15-3)

As magnetic field is applied along the z - axis the state |a> is also polarized
along the z - axis (positive axis direction) and the state ‘5> is polarized along
the —z - axis (negative axis direction). Applied magnetic field has magnitude
BY and the spins precess in this field with the speed determined by the Larmor
frequency (w°) proportional to the magnetic field strength and the magnetogyric
ratio () for these spins. So, for the 1/2 spin the eigenvalues :I:%wo are the
energies of the states. If we are talking about energy level splitting of the spin
at the magnetic field we can talk about Zeeman splitting, that is equal to the
Larmor frequency, where |a> is lower energy state and |ﬁ > is the state with the
higher energy.

The intensity of the NMR signal is directly proportional to the spin
polarization - the relative difference in the populations of this two energy levels
of nuclear spins and prescribed by Boltzmann distributions (in this equation

shown for « and 8 levels):
—AE

[
b —¢ksT (1.1)

[e3

where Ps and P, are populations of these levels, AFE is the Energy difference
between the levels, kp is the Boltzmann constant and 7T is the system
temperature.

Despite numerous advantages, a main limitation of NMR spectroscopy
is due to the low sensitivity. At thermal equilibrium, the difference between

the populations of the nuclear spin states is only a few ppm, in other words,

13



1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

only one nuclear spin in 10° is polarized in a NMR magnet. Hyperpolarization
methods allow to temporarily increase the level of nuclear spin polarization up

to several thousand times.' (Fig. 1.1)

18) —#ﬂ'ﬂ— _—m

—

Hyperpolarization M
o S08dS

Figure 1.1: Schematic representation of thermal equilibrium (left) and

hyperpolarization in a system of isolated nuclear spins. At thermal equilibrium
the two states (o and B states) are almost equally populated, while, following
to hyperpolarization, one state is more populated than the other (in this case,
the most stable state is more populated that the less stable one). This leads to

a significant enhancement of the NMR signal.

Here are described the main methods to obtain hyperpolarization.

1.2 Spin Exchange Optical Pumping (SEOP).

Spin-Exchange Optical Pumping (SEOP) allows the production of
spin-polarized *He and '?°Xe gases.

Conventional magnetic resonance imaging based on proton signals is not
suitable for examining the lungs due to low proton density and changes in
sensitivity between tissues and airspace. Therefore, the use of hyperpolarized

noble gases (*He and ?9Xe) was first introduced to obtain MR images of the
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

anatomy of the air space for indirect imaging of the pathological condition®,
in addition, noble gases are characterized by a very long T1, which allows
long storage before their use. The hyperpolarization of 3He, 1??Xe and 33Kr is
achieved using a procedure based on laser polarization of gaseous alkali atoms,
which transfer polarization to noble gas nuclei due to van der Waals forces

(Figure 1.2).

-

[ v O ‘n‘

. gas mixture

»
SEOP cell
v

Figure 1.2: Xenon is polarized using Spin Exchange Optical Pumping (SEOP).
In SEOP, zenon flows into a chamber containing rubidium gas vapor in the
presence of a magnetic field. The rubidium is excited by a laser. Xe colliding
with the Rb results in a spin exchange, whereby a greater proportion of Xe atoms

are in the lower energy spin state

Noble gas nuclei, which have a non-zero nuclear spin, can be optically
hyperpolarized to a degree several orders of magnitude greater than that
corresponding to the thermal equilibrium distribution. The otherwise inert
noble gas becomes extremely sensitive to magnetic resonance detection. A
hyperpolarized gas is obtained by transferring angular momentum from
circularly polarized light to a noble gas nucleus through interatomic collisions

between the inert gas nuclei and an alkali metal, which absorbs this angular

15



1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

momentum. In spin-exchange optical pumping, circularly polarized light is
absorbed by a saturated vapor of alkali metal atoms contained in a glass cuvette.
Part of the spin moment of the absorbed photons is transferred to the alkali
metal atoms, and the valence electrons of the alkali metal atoms are polarized.
Subsequent collisions between alkali metal atoms and noble gas atoms transfer

part of the electron spin polarization to noble gas nuclei.

1.3 Dynamic Nuclear Polarization (DNP).

The fundamental concept of DNP was originally proposed by Overhauser
in 1953, and is based on the transfer of the large electron spin polarization
to nuclear spins v, /v, > 657 through microwave irradiation. In 1993-1995
high field, solid state MAS DNP experiments, utilizing gyrotron microwave
sources, were described by Griffin and coworkers. *” Subsequently, in 2003 the
Nycomed/ Amersham group reported the possibility of polarizing samples at
very low temperatures followed by fast dissolution, heating, and observation of
the liquid state spectrum.” The first paper on dissolution-DNP reported a signal
enhancement in the liquid sate of 10,000 compared to thermal polarization at 7
T and opened up to new possibilities of using hyperpolarized substances in the
liquid state as diagnostic probes.”’ In particular, metabolic imaging has been
made possible by the availability of hyperpolarized metabolic substrates.
D-DNP developed at rapid pace and moved, in less than two decades, from
pre-clinical studies to clinical trials. Hyperpolarized [1-'*C] pyruvate is the
substrate that has been most widely applied for the investigation of metabolism
and its alterations in different diseases.

D-DNP hyperpolarization (Fig. 1.3) is made by the following steps : 1)
mixing the targeted *C labelled compound with a free radical (a source of

unpaired electrons) or glass-forming agent (such as glycerol that is effective in
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

reducing ice crystal formation during freezing), 2)placing the mixture in a high
magnetic field (3-7 T), 3) cooling to 1-2 K, and 4)irradiating with microwaves
for a time delay that ranges from 20 min to a few hours. By choosing the
monochromatic microwave irradiation at the off-resonans frequency with the
electron spin, the high degree of electron polarization can be transferred to
nearby nuclear spins. During the dissolution step, to the sample is rapidly
heated and dissolved via the injection of a hot solvent, while maintaining a
high level of polarization. However, hyperpolarization is a non-stable state and
thermal polarization is restored in a time that is dictated by the T; relaxation
time, therefore the hyperpolarized substrate must be quickly used, after the

dissolution step.

Bo>7T

Bo>3.3T T>273K
T<4.2K

DNP polarizer
NMR instrument

Figure 1.3: Schema of the principle setup for d-DNP experiment. The DNP
apparatus (left) typically operates at comparable or slightly lower magnetic fields
than the NMR spectrometer used for detection (right).

17



1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

1.4 Parahydrogen Induced Polarization
(PHIP).

PHIP is a chemistry-based hyperpolarization method based on the
addition of hydrogen in the para-spin isomer to the unsaturated substrate. In
order to understand how hyperpolarization can derive from parahydroge, it is
necessary to define what parahydrogen is and how it can be obtained. The two
spins of the hydrogen molecule (H3) can combine in four different spin states
(as were mentioned in Introduction), as follows:

50) = 5  (Jo8) = |8))

|T41) = |aa)

T0) = 5  (jo8) + |3)

[7-1) = [88)

The first state has total spin angular momentum J=0 and is a singlet state
(‘SO>), the other three states have J=1 and give a triplet state (’T>) The
singlet state is antisymetric with respect to spin exchange, while the triplet
states are symmetric, therefore a nonequilibrium state containing a population
imbalance between singlet and triplet states cannot be brought into equilibrium
by symmetric interaction of the two spins (e.g. intramolecular DD interactions
or application of rf radiation) because of the symetry reason'”. The singlet
state J = 0 in this case is a long-lived state'°. In the case of molecular
hydrogen, these two states (singlet and triplet states) are so well isolated one
from the other that they behave as chemically different substances, named para-
(pH2) and ortho-hydrogen (o-Hsz). At high temperature (T ~ 298 K), all four
states are equally populated, resulting in a mixture of 25% p-Hs and 75% o-Hs.

18



1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

Conversely, at low temperature, the para-hydrogen isomer is more stable than
the ortho- isomers and the para-isomer percentage is higher, at equilibrium.
Enrichment in para-H, is obtained by flowing normal-Hs through a
catalyst (FeoOg3) at low temperature. As can be observed in Fig. 1.4, the
parahydrogen fraction is about 50% at 77 K (liquid N temperature) while it is

increased to almost 100% at temperature lower than 32 K.

;‘@ 100 ©=0q ~100% enrichment at 25 K
= \
S %
S 801 \
£ Y
-— \
g 601 I
E _______ ~50% enrichment at 77 K
S R,
c 407 Y
q') ! O« -
E : O~-. L '@ T — o
S 20 |
0 100 200 300

Temperature (K)

Figure 1.4: para-Hp percentage at different temperatures (equilibrium

condition)

The enrichment can be maintained, at high temperature, provided
that the conversion catalyst is removed and para-hydrogen is stored in a
bottle without any paramagnetic impurities or surfaces that can catalyse the
para-ortho conversion.

Parahydrogen is non-magnetic, therefore is NMR silent, but the
non-equilibrium condition thus obtained can be exploited to obtain

hyperpolarization. In the first two decades since its discovery, PHIP was
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

observed uniquely following to the chemical addition of parahydrogen to
unsaturated bonds (double or triple bonds). This effect can be referred to
as hydrogenative-PHIP (h-PHIP), in contrast to the non-hydrogenative-PHIP
effect (i.e. SABRE) that discovered later, in 2009, by S.Duckett and
coworkers. """ In this thesis only h-PHIP will be applied in the experiments,
but here both methods are quickly described.

1.4.1 Signal Amplification by means of Reversible
Exchange (SABRE).

In 2009, a non-hydrogenative variant of PHIP was discovered and
introduced as SABRE. *'Since the discovery of SABRE, the fundamental
aspects of spin physics and chemical mechanisms have been of primary interest.
Regarding spin physics, many theoretical descriptions of polarization transfer
to various nuclei at low and high magnetic fields have been presented on the
example of various compounds and their isotopes.

The spin dynamics depend obviously on the structure and chemistry
of the SABRE complex. SABRE employs a reversible interaction of
the ligand, an Iridium-based active catalyst ([Ir(COD)IMes|Cl, (IMes =
1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene; COD = cyclooctadiene)] as
a precatalyst, which forms a ternary labile octahedral complex after activation)
and p-Hs. Because of this reversible interaction, a labile complex of p-Ho,
catalyst and the ligand is formed (Fig. 1.5). In such a complex, high spin
polarization is transferred from p-Hs to the ligand via the catalyst. Finally, the

active complex splits up, but the released ligand is hyperpolarized.
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.
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Figure 1.5: Schematic view of the SABRE reaction and the hyperpolarization
process, where pHp and substrate (py) exchange reversibly with a polarization
transfer complex (SABRE complex) and spin order is transferred to the substrate

via electron mediated J-couplings.

In SABRE method, para-hydrogen molecules and substrate molecules
are in the process of molecular chemical exchange on a hexacoordinated iridium
complex. Polarization transfer is mediated by a scalar J-couplings network of
active SABRE catalyst bonds and is the most effective in very weak magnetic
fields in the range of 0-10 mT. With synchronization of the exchange rate,
spin-spin interactions and a constant magnetic field (as were explained before
in milli- and micro-Tesla modes), the singlet state of parahydrogen can be
spontaneously transformed into hyperpolarization on the nuclei of the substrate,
and some works are concerned with the level anticrossing °, which is one of the
most critical factors responsible for the polarization transfer from p-Hy to the
ligand, which can be used as a contrast agent for tomography metabolism.

Regarding molecular systems, which were SABRE hyperpolarized, it is
worth noting that the pyridine (Py) molecule has been routinely employed as a

molecular model for SABRE investigation. Thus, Py is a benchmark molecule in
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

SABRE NMR. Its use is considerably facilitated by easy handling and access of
Py, including the different spin-labeled Py. Apart from Py, which is very toxic,
many biorelevant molecular systems have also been hyperpolarized. Several of
these molecules are of central importance in MRI, where they can serve as the
contrast agents. For example one of the biorelevant molecule that comes to
mind for SABRE is the pyridine derivative molecule - isonicotinic acid, one of
the ingredients of vitamin B3 . Next compound, which is worth to mention is
metronidazole “"~““, which belongs to the nitroimidazloes~’. These compounds
are also employed in PET as a tracer for hypoxia sensing. Their applications in

for medical purpose is still increasing -in particular, in cancer therapy.

1.4.2 h-PHIP.

When the enriched para-Hs is used in a catalytic hydrogenation, the
resulting products can have substantially enhanced NMR signals, provided that
the two protons are added pairwise to the substrate and that the symmetry of
the hydrogen molecule is broken.

When the two protons are added to chemically different positions and
the symmetry of the Ho molecule is lost, only the states that overlap with
the para-spin state become over-populated, thanks to the para-enrichment.
As a consequence, the transitions from these states to the other states are
hyperpolarized due to the large population difference. For simplicity, let’s
assume that the hydrogenation substrate does not contain protons and the two
para-hydrogen atoms form an isolated two-spin system on the product molecule

(Fig. 1.6).
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

n—H
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Figure 1.6: Schematic showing a (A) PASADENA and (B) ALTADENA
experiment. After a chemical reaction the parahydrogen protons end up in
chemically different positions and an AX spin system is formed. This leads
to an overpopulation of the af and Ba states in case of PASADENA and the
af state at the ALTADENA type experiment

There are two different experiments using parahydrogen: PASADENA
and ALTADENA. The PASADENA mechanism (para-hydrogen and synthesis
can dramatically increase nuclear alignment) is observed when the
hydrogenation reactions are carried out in strong magnetic fields®*. When
molecular hydrogen is added to the substrate, the two-spin system of the Hy
molecule is suddenly transformed in an AX spin system and, among the newly
formed four states, only a4 8x and ax 4 equally overlap with the parahydrogen
state and are overpopulated (Figure 1.6A). As a consequence, the transitions
from these two states to the other states apax and Bx[a are hyperpolarized
due to the large population difference between the states and we expect to

observe two antiphase hyperpolarized signals in the "H-NMR spectrum*”*° as

23



1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

shown at the Fig.1.6A.

While in the ALTADENA experiment (adiabatic longitudinal transfer
after dissociation produces pure alignment), hydrogenation occurs in weak
magnetic fields (Earth’s field) outside the magnetometer with subsequent
adiabatic transfer and subsequent detection in strong magnetic fields“’. In this
case, the two para-protons are the only two spins in the product and the singlet
state of parahydrogen. When the symmetry is broken, the superposition of the
singlet state occurs. However, the generated spin system of the product, due
to the weak magnetic field of the Earth, is a strongly coupled system, which in
the approximation can be considered as spin A of the system. Only the energy
level, which has singlet symmetry at present conditions, is populated during
hydrogenation with p-Hs. This leads to selective population of one energy level
and its corresponding absorption and emission peaks in the NMR spectrum
(Figure 1.6B).

Synthesis of hyperpolarized contrast agents to specifically target disease
tracers in vivo allows easy and fast medical diagnostics that could be one of
the most promising future applications of para-hydrogen. The best contrast
agent should possess a high degree of polarization and a long spin-lattice
relaxation time 77. As proton has short relaxation times (in the order of 1
- 10 s), the use of proton NMR as potential contrast agents has not been very
useful ““ ", but heteronuclei such as *3C and '°N in biologically active material
were found to possess longitudinal relaxation times that range from several
seconds to several minutes, thereby significantly increasing the time available
for substrate tracing in vivo”'~°. So, using of hyperpolarized contrast agents
with heteronuclei polarization would increase signal enhancement of naturally
abundant thermally polarized heteronuclei such as 13C**. That’s why the logical
step for producing contrast agents is reacting biochemically relevant, isotopically

labelled compounds with para-hydrogen thereby polarizing the labelled species
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1. INTRODUCTION: HYPERPOLARIZATION IN NMR.

as highly as possible and subsequently making use of high polarization and long
relaxation times in the experiment of choice.

For this purpose hyperpolarization from parahydrogen protons can also
be transferred to heteronuclei, such as '3C or 1°N, through scalar couplings
with parahydrogen protons. One of method of hyperpolarization, based on
the chemical interaction of para-hydrogen with a substrate and, using simple
and inexpensive manipulations, produces hyperpolarization on the 3C atom
is PHIP-SAH (para hydrogen induced polarization side arm hydrogenation),
which makes it possible to obtain a pure aqueous solution of hyperpolarized
substrates, especially pyruvate. More detailed this method will be described at
next chapters, especially at the chapter 2.
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CHAPTER 2

HYPERPOLARIZATION OF
PYRUVATE USING H-PHIP
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2. HYPERPOLARIZATION OF PYRUVATE USING H-PHIP

2.1 INTRODUCTION

Among the hyperpolarized substrates that can be used for metabolic
studies, [1-®C]pyruvate is the most widely applied because its fast
metabolic transformation into lactate can give relevant diagnostic information
about pathologies.'' Hydrogenative-PHIP (h-PHIP) relies on the catalytic
hydrogenation, using hydrogen enriched in the para-spin isomer, of unsaturated
precursors of the target molecule, therefore hyperpolarization of pyruvate by
means of h-PHIP seems precluded by the fact that an unsaturated precursor of
pyruvate does not exsist. The Side-Arm Hydrogenation strategy~’"° allowed
to circumvent this issue through the syntehsis of an ester derivative of pyruvate
(Fig. 2.1) that contains an unsaturated bond (double or triple bond) on the
alcoholic moiety. The para-hydrogenation of this substrate and the following
spin-order transfer from the parahydrogen protons to the *C carboxylate spin
allow to obtain net *C magnetization on the carboxylic moiety of the ester
(i.e. on pyruvate). Hydrolysis of the ester is, then, carried out quickly by
means of the addition of an aqueous base (sodium hydroxide). Being the
hydrogenation reaction carried out in a hydrophobic solvent (e.g. chloroform),
the aqueous base does not mix with the organic phase and, after the formation
of an unstable emulsion, the two phases split quickly. The carboxylate salt
(sodium [1-13C]pyruvate) is extracted in the aqueous phase while the metal

catalyst is retained in the organic phase.
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Figure 2.1: PHIP-SAH method: the hydrogenation reaction is hydrogenated
in an organic solvent (orange background), while the sodium salt is extracted

in aqueous phase (blue background).

This chapter is focused on the investigation of the different factors that
determine the polarization level on the '3C carboxylate signal of the final

product. These factors are:

para-hydrogen enrichment;

polarization level on the 'H-NMR signal of the para-hydrogen protons

added to the product molecule;

efficiency of the polarization transfer by means of magnetic field cycling;

e polarization losses during hydrolysis.

2.2 Materials and Methods

2.2.1 Samples preparation

The propargylic ester of pyruvate was hydrogenated using the commercial
catalyst ([1,4-bis(diphenylphosphino)butane](1,5- cyclooctadiene)rhodium(I)
tetrafluoroborate], Sigma Aldrich, (1-10 g). The catalyst was dissolved in
CDCl3 (100uL), then the hydrogenation substrate (3pL, 24-10%mol) was

added. The 5mm NMR tubes used as hydrogenation reactor were pressurized
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2. HYPERPOLARIZATION OF PYRUVATE USING H-PHIP

with 2.1 bar of para-enriched hydrogen (92% enriched), while keeping the
NMR tube in a liquid nitrogen bath, to prevent starting of the hydrogenation
reaction. The sample was kept frozen in liquid nitrogen until the start of the

hyperpolarization experiment.

2.2.2 'H-hyperpolarization (ALTADENA experiment)

In order to initiate the para-hydrogenation reaction, the NMR tube was
heated, using a water bath, at 353 K for 7 seconds, then shaken for 3s and
kept out of the hot water bath for 7 more seconds. Then the NMR tube was
opened to release the para-hydrogen pressure, 200 pL. CDCl3 were added in
order to provide a sufficient volume for the acquisition of an NMR spectrum
and immediately placed in the 600 MHz NMR-instrument and a single-scan
'H-NMR spectrum was acquired.

After thermal polarization was re-established, a 'H NMR reference

spectrum was acquired.

2.2.3 13C hyperpolarization (allyl-pyruvate)

The hydrogenation reaction was carried out as reported in the
ALTADENA experiments, but, in the experiments, after hydrogenation
completion, MFC was applied to transfer the hyperpolarization from pHs to
13C (Fig. 2.2). The equipment for the magnetic field cycle consisted of
a magnetic field shield (Bartington TLMS-C200 capped-end magnetic shield,
three-layers mu-metal) containing a solenoid coil (i.d.180 mm, 350 mm eight)
fed with electric current provided by a Keysight Arbitrary Waveform Generator
(33220A 20 MHz waveform generator, Keysight Technologies, Santa Rosa, CA,
U.S.A.). The electric current in the solenoid is controlled by a custom-written

function (Microsoft Visual Basic) and allows a precise control of the magnetic
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2. HYPERPOLARIZATION OF PYRUVATE USING H-PHIP

field strength during the overall procedure. The magnetic field profile applied
to all the experiments (Fig. S2) consists in a diabatic step from1.5nT (starting
magnetic field) to 50 nT and an adiabatic re-magnetization (exponential) to
10pT in 4 seconds. The amplitude of the field is measured by means of a
three-axis fluxgate magnetometer (Mag-03, Bartington, Witney, UK).

p-metal & coil t
l = 14T \W»
i "C-NMR
b)

a)

shake
——

c)

Figure 2.2: Schematic representation of the experimental procedure: (a)
the NMR tube, charged with the hydrogenation mixture and pressurized with
Para-hydrogen, is vigorously shaken (3s); (b) the laboratory’s magnetic field is
shielded by p-metal cylinders, and magnetic field cycle is carried out using a
computer controlled current; (c) the sample is placed in the NMR spectrometer,

and a single scan 1°C NMR spectrum is acquired

2.2.4 Hydrolysis of the ester

Hydrogenation reactions was carried out as reported in the previous
section. After the application of MFC, hydrolysis was carried out as follows:
a base solution (260pL of NaOH 0.1 M and Sodium Ascorbate 50 mM),

pressurized in a home-made apparatus (Fig. S1) using argon (2bar) and heated
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at 353 K, was injected into the organic solution to hydrolyse the hyperpolarized
allyl-ester. Then an acidic buffer solution (100 pL HEPES 144 mM, pH 5.4)
was added to the aqueous phase to reach the physiological pH (7.2 + 0.2
were measured). Following to hydrolysis, we have a phase separation and the
catalyst is retained in the organic solvent while the HP pyruvate is transferred
to the aqueous solution. The aqueous solution of the HP product (250 uL)
was taken up into a syringe and diluted with 300 pL of distilled HoO and then
transported to the NMR spectrometer for the acquisition of the single scan

13C-NMR spectrum.

2.3 Experimental results

2.3.1 Para-hydrogen enrichment.

The enrichment is parahydrogen is the first fundamental step to observe
PHIP and the hyperpolarizaton level is closely related to the enrichemnt in
the para isomer. In our experiment we use a para-hydrogen generator (BPHG
Bruker Para-Hydrogen Generator) that operates at 36K and the percentage of
para-hydrogen is, nominally, 92%.

Para-hydrogenation experiments are carried out in NMR tube that are
charged with the hydrogenation mixture (metal catalyst, substrate and solvent)
and pressurized with para-hydrogen. Although the NMR tubes are kept frozen
in liquid nitrogen until the hydrogenation is carried out, the para-Hy enrichment
can be partly lost, during the time delay between the sample preparation and
the experiment, due to the conversion catalysed by the hydrogenation mixture
and by the NMR tube itself.

In order to obtain information about this possible depleting of

para-enrichment, we have measured the p-Hs percentage immediately after
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2. HYPERPOLARIZATION OF PYRUVATE USING H-PHIP

filling the NMR tube with parahydrogen and at increasing time delays, in order
to get measurement of the decay rate of p-Hs in the NMR tubes.

Since p-Hs is NMR silent, the signal of the ortho- isomer is obsderved. In
the Fig. 2.3 are reported the signals of hydrogen (normal-Hsy and para-enriched)
after filling 5mm NMR tube tubes equipped with PTFE gas valves with the

hydrogen mixtures, at the same pressure.

85 80 75 7.0 65 60  ppm

Figure 2.3: 0-Hj signals from a sample of 92% p-Hs enriched (blue line), from
normal-Hy (black line) and after heating and shaking the sample as during the
hyperpolarization experiments (red and purple lines). In all the experiments the
gas pressure was 1950+50mbar, the signal has been precisely normalized to the

gas pressure.

As can be observed from Fig. 2.4, the speed of para-hydrogen decay in the
NMR test tubes, used for the reactions, changes from one NMR tube to another,
probably due to the fact that traces of oxygen enter the tubes during para-H,
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2. HYPERPOLARIZATION OF PYRUVATE USING H-PHIP

pressurization. Nevertheless, the parahydrogen percentage is almost constant
for about two hours after that the NMR tubes have been filled. Therefore, it can
be assumed that the parahydrogen enrichment is maintained during the delay
between the preparation of the NMR tubes and the starting of the experiment
baced on PHIP method.
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Figure 2.4: Para-Hydrogen decay in three different NMR test tubes. Tube
number 1 is not shown at the picture as it was filled with normal hydrogen for
reference calculation and regarding the tube number 2, it is not present at the

graph as were found that it’s cap connection was leaking.
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2.3.2 'H hyperpolarization @ on  parahydrogenated
propargyl-pyruvate.

The polarization level on 'H-NMR signals of parahydrogenation products
depends from the fact that the singlet state of p-Hs is transferred to the product
“as is”, without that mixing with the triplet state occurs on intermediates.
According to the ”sudden approximation”, pure singlet state is added to the
product, without any effect of reaction intermediates on singlet-triplet mixing.
In that case, the polarization level on the 'H signals of the parahydrogen protons
would correspond to the para-enrichment.

In order to investigate if the reaction intermediates have any effect
on the 'H polarization, hyperpolarized 'H-NMR spectra have been acquired,
immediately after the hydrogenation reaction, according to the procedure

reported in the experimental methods (ALTADENA experiments) (Fig. 2.5).

O——0

0]

H H

| H

Oj/ \O/\ para-H, o\‘/c\o N
X

Figure 2.5: Para-hydrogen is added to the triple bond. In the product molecule,

the p-Hy protons are evidenced with an asterisk.
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Figure 2.6: 'H-NMR spectrum (1 scan) of HP allyl-pyruvate (the enhanced
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signals are from the olefinic protons and from CHs.
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Figure 2.7: thermally polarized H-NMR (4 scan)
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2. HYPERPOLARIZATION OF PYRUVATE USING H-PHIP

The 'H polarization level has been calculated using the following

equation:

Py, = _Sup_ % Piperm (H) = 4 x 5 o Ssu

x 4.847 x 107° 2.1
Stherm 2 therm ( )

Where Spp is given by the sum of the integrals of all the 'H hyperpolarized
signals (absolute value of positive and negative signals of the olefinic and
-CHy protons), (Fig. 2.6), Siherm is the sum of the integrals of all the 'H
thermal signals, Piperm(H) is the thermal polarization of protons at 14.1T
and 298 K and coefficient 4 takes into account that the thermally polarized
signal has been acquired with 4 transients (Fig. 2.7). Factor 5/2 takes into
account that thermally polarized signals are originated from 5 protons whereas
hyperpolarized signals correspond to two para-H, protons.

Since 'H hyperpolarization decays quickly, due to the short T; of 'H
spins, nascent polarization has also been back-calculated. To do that, several
different samples have been observed, at different delays between the end of
hydrogenation and acquisition (Fig. 2.8). The experimental data have been
defined by a mono-exponential decay function:

—t
Pys = Pyyexp <T1> + Yo (2.2)

where the yy parameter is the y-offset of the exponential fit, i.e., the value
reached at infinity. We have to provide the y-offset value in order to use a
linear solution, so if you take the log, a non-zero yg value will make the line to

be not straight.
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Pol %
=
1

time (s)

Figure 2.8: 'H polarization (y awis) observed in different ALTADENA
experiments, in which the time delay (r axis) between the end of hydrogenation

and the acquisition has been increased.

The nascent polarization (at time zero) on protons has been thus

calculated to be 35.5 +/- 6.7 % while the T} decay was 17.6+/- 4.6s.

2.3.3 13C polarization on the carboxylate signal of

pyruvate ester

In order to transfer the proton spin order to the 3C carboxylate spin,
magnetic field cycle (MFC) has been applied .

During MFC, the magnetic field at the parahydrogenated sample is, first,
switched diabatically from geomagnetic field (30 uT), where the weak coupling
condition between protons and heteroatoms occurs, to nearly zero field (50nT),

at which isotropic mixing between heteronuclei and protons takes place. Then
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2. HYPERPOLARIZATION OF PYRUVATE USING H-PHIP

it is increased adibatically from nearly zero to geomagnetic field. The zero
magnetic field is obtained using a mu-metal shield and the speed of the passages
is controlled using an electric current circulating in a solenoid placed in the
p-metal shield.

In order to explain how MFC works, we can consider how the population
of the spin states is re-distributed during MFC in a three spins system formed by
the two parahydrogen protons and one heteroatom (13C). The eight spin states
of the AA’X spin system and their population during MFC are represented in
Fig. 2.9. On the left of the figure, the geomagnetic field applies, the difference
between the Larmor frequencies of protons and '3C is about 1.5KHz (weak

coupling between heteronuclei).

A mu-metal shield
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Figure 2.9: Schematic principle of the MFC process with explanation of
the spin states populations: a) after hydrogenation with Para-hydrogen of the
substrate at geomagnetic field, b) at zero field, after the diabatic passage (T1),
and ¢) after the adiabatic passage (72) from zero to Earth’s field, where the
red arrows correspond to tramsition, in emission, that will be seen in the NMR

spectrum
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In the central part of the figure, the 'H and '*C Larmor frequencies
are almost equal, isotropic mixing between protons and '3C occurs and the
population of the spin states is redistribuited, due to the diabatic passage.
In the end the adiabatic (slow) re-magnetization allows to preserve the spin
state population achieved at nearly zero field. '3C polarization on the
carboxylate signal of pyruvate ester has been measured after the application
of the polarization transfer procedure based on magnetic field cycling using the

formula:

SHP SSH

Stherm

P, = X Piherm(P2C) = 8 x x 1.219 x 107 (2.3)

Stherm
Where Sgp is the '3C-hyperpolarized signal, Siperm is the thermal signal of
13C and the Piperm (C) is the thermal polarization at 14.1T and 300K and
coefficient 8 considers that the thermally polarized signal has been acquired
with 8 transients.

The average polarization thus obtained on '*C was 4,740,3%.

2.3.4 13C polarization on the carboxylate signal of sodium

pyruvate after hydrolysis.

The last passage of the PHIP-SAH method, i.e. the hydrolysis of the
ester, is carried out by means of the injection of an aqueous base solution (NaOH
0.1 M) containing sodium ascorbate (50 mM) into the organic solution of the
hyperpolarzied ester. A suspension of droplets of the organic phase into the
aqueous phase if formed instantaneously. After a few seconds (3-5 s) the two
phases tends to separate, the catalyst is retained in the organic solvent while the
HP pyruvate is transferred to the aqueous solution. An acidic buffer (HEPES
solution, 100 pL), is added, in order to reach physiological pH. The addition of

the buffer also facilitates the separation of the organic and the aqueous phases.
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The aqueous solution is separated form the organic phase and is
transferred into a NMR tube, diluted with HoO and placed into the NMR
spectrometer for the '*C-NMR acquisition. The time delay between the end
of the hydrogenation reaction and the acquisition of the 3C-NMR spectrum
is about 30 s and the 3C observed polarization is 2.2 = 0.2 %. In order to
extrapolate the nascent '2C polarization, i.e. the polarization level at time
zero, immediately after hydrolysis, several hyperpolarization experiments have
been carried out at increeasing delay between the hydrolysis and acquisition of
the 13C-MR spectrum. The '3C polarization in these experiments are reported

in figure 2.10.
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Figure 2.10: °C Polarization, observed on the carboxylate signal of sodium
pyruvate after hydrolysis was carried out using an aqueous base solution (NaOH
0.1M). Different samples were used and the Polarization has been reported as a

function of the delay between hydrolysis and acquisition of the ° C-MR specrum.
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During the time delay between hydrolysis and acquisition of the
13C-NMR. spectra, the aqueous solution of HP pyruvate has been kept at
geomagnetic field, therefore an estimate of the '3C relaxation rate at this
magnetic field. The polarization level at time zero has been extrapolated (
13C(tg) = 3.5 & 0.5 % ) and the decay constant (T;) have been derived ( 77 +
20 s).

2.4 DISCUSSION and CONCLUSIONS

The experimental results show that the parahydrogen enrichment is
maintained during the time delay between the sample preparation and the
starting of the PHIP experiment. Conversely, the hyperpolarization level
observed on 'H-NMR signals in the ALTADENA experiments is only about
20 % and the nascent polarization (obtained from back-calculation) can be
estimated around 35 %. Although the value obtained from back calculation
might not be precise, due to the fast decay of the proton polarization, the
proton polarization is significantly lower than expected, considering that 92%
enriched parahydrogen is used. The singlet loss during the hydrogenation
reaction may be due to the singlet/triplet mixing that occurs on reaction
intermediates. Therefore, testing different hydrogenation catalysts, in particular
Rh(I) complexes that contain different phosphine ligands, can be useful to
increase the singlet state percentage transferred to the product molecule.

A significant polarization loss is also observed in the spin order transfer
passage, carried out by means of MFC, in fact the '3C polarization observed
on the ester derivative is 4,7 £ 0,3 %, while the nascent proton polarization
has been estimated to approximately 35 %. Therefore it may be deduced that
only 13 % of the 'H polarization is transferred to the '*C spin, and the '3C

polarization level can be increased using a more efficient polarization transfer
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method, for instance an optimized MFC profile. Hyperpolarization is also
decreased during the hydrolysis step to about 50 % of that observed on the
ester, in fact it is reduced from 4,7 & 0,3 % to 2,2 & 0,2 %. This can be
due, in part, to the time needed to carry out hydrolysis and phase separation,
nevertheless the back-calculated >C polarization, immediately after hydrolysis,
is only 3.5 %, therefore it can be deduced that fast relaxation processes occur
during mixing of the organic and the water phase. In conclusion, the herein
reported studies show that several steps of the hyperpolarization procedure still
need to be improved in order to reach a higher polarization level on 13C, suitable

for in-vivo diagnostic applications.
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CHAPTER 3

IN-CELLS METABOLIC
STUDIES USING PHIP
POLARIZED [1-C]PYRUVATE

43



The results presented in this chapter have been previously published as the following article:

Cavallari E, Carrera C, Di Matteo G, Bondar O, Aime S and Reineri F/ In-vitro NMR
Studies of Prostate Tumor Cell Metabolism by Means of Hyperpolarized[1-13C]Pyruvate

Obtained Using the PHIP-SAH Method/ Front. Oncol., April 2020, doi: 10.3389/fonc.2020.



3. IN-CELLS METABOLIC STUDIES USING PHIP
POLARIZED [1-13C]PYRUVATE

3.1 INTRODUCTION

[1-13C]pyruvate is the substrate that has been used most widely for the
study of cellular metabolism and its alterations in diseases such as cancer, heart
failure and stroke.”” ™" Pyruvate plays a central role in cellular metabolism
as it can be converted into a number of metabolites, depending on cellular
conditions. In most normal tissues, pyruvate dehydrogenase catalysis the
decarboxylation of the pyruvate that enters the TCA cycle. Pyruvate can also
be transaminated by alanine aminotransferase or reduced to lactate by lactate
dehydrogenase. The presence of disease can alter metabolic fluxes through
the different enzymes and an increased glycolytic flux is often observed in
tumours. The use of hyperpolarized pyruvate has shown a marked upregulation
in the exchange of the '3C hyperpolarized label, mediated by the LDH enzyme,
between pyruvate and lactate in tumour cells*'. Hyperpolarized [1-13C]pyruvate
is currently under intense scrutiny as a potential probe with which to assess the
presence and grading of prostate cancer in humans

At the moment the gold-standard method for the hyperpolarization of
molecules in the liquid state is d-DNP". d-DNP in our days is the method that
is used not just for preclinical study, but also for clinical MRI for human.

Unfortunately, d-DNP is an inherently slow, technologically demanding
and extremely expensive technique that limits the application of this powerful
tool to few laboratories worldwide.

Para-Hydrogen Induced Polarization (PHIP) allows to obtain
hyperpolarized substrates in few seconds at much lower costs than d-DNP "
This hyperpolarization method is based on the hydrogenation, catalysed by
metal complexes, of an unsaturated precursor of the target molecule. On
this basis the number of PHIP-polarizable substrates appears to be limited

by the availability of the proper unsaturated precursor and concern about
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the biological applications of the obtained hyperpolarized products relies on
the presence of residual metal catalyst and other impurities associated to
the hydrogenation reaction. The PHIP- side-arm hydrogenation (PHIP-SAH)
approach”’ represented a good step ahead as it circumvents both issues and
provides aqueous solutions of hyperpolarized pyruvate, or other metabolites ™",
that can be safely used for in vivo and in-cells studies

In the herein reported work, the toxicity of the aqueous solutions of
the HP metabolites was studied, by performing in-vitro cytotoxicity analysis,
and HP [1-13C]pyruvate has been used for metabolic investigations in different
prostate carcinoma cell lines. Since I contributed mainly to the experiments
carried out using HP-pyruvate on cells, the citotoxicity tests and the in-cells
metabolomic measurements reported in the main manuscript have been omitted

in this thesis.

3.2 Materials and Methods

The aqueous solution of HP pyruvate was prepared according to
the PHIP-SAH procedure, as reported in Chapter 2. The concentration
and hyperpolarization of [1-13C]pyruvate were measured at the end of each
experiment by acquiring a *C-NMR spectrum of the thermally polarized
product with the addition of '*C-urea as an internal reference. The pyruvate

concentration in the cell suspensions was found to be 5.0 + 0.4 mM.

3.2.1 13C-NMR Experiment: Set-Up

In order to carry out the in-cells experiments, a set-up for the perfusion
of the cells, suspended in their grow medium and placed into the NMR
spectrometer, was assembled. To do that, a standard 5 mm-OD Wilmad NMR

tube was equipped with a cap modified with a central hole (inner diameter
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2mm) and a glass tube (2 mm OD, 1.75 mm ID, 8 mm L) was inserted into the
cap. A PTFE tube (1 mm OD, 0.75 mm ID, 750 mm L) was placed inside the
glass capillary tube and kept in the axial position, a few mm above the cells
suspension. The quick injection of the aqueous solution of the hyperpolarized
substrate through the PTFE injection line allowed the cell suspension to mix
with the HP pyruvate. The PTFE tube was removed immediately after the
addition of the HP-pyruvate in order to avoid By inhomogeneities during the

acquisition of the '3C-NMR spectra.

3.2.2 3C-NMR Experiments: Cells Preparations

The metabolic transformation of [1-!3*C]pyruvate, hyperpolarized through
the PHIP-SAH procedure, into [1-13C]lactate, was assessed using the following
samples: (I) prostate cancer cells suspended in their growth medium; (II) intact
cells suspended in lactate-enriched medium; (III) lysed cells.

The samples were prepared as follows:

I. Pyr/Lac tests in cells suspension: cells were harvested from plates (2 ml
of warm 0.25 % Trypsin 0.53 mMEDTA solution), counted using a Burker
chamber and then centrifuged in the growth medium for 5 min at 125 x
g-force. Once the supernatant was removed, 9.2 + 0.2 M cells for each
experiment were suspended in 300 pL of culture medium and transferred

into a 5 mm NMR test tube.

II. Pyr/Lac test in cells suspension with added Lac: the cell-containing
sample was prepared as in I, L-lactate was then added to the culture
medium and left to equilibrate for 10 min in the NMR spectrometer before
the injection of the HP-pyruvate. At the end of the experiment, after the
addition of the aqueous solution of the HP metabolite, the final lactate

concentration was 5.94 £+ 0.14 mM.
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IIT. Pyr/Lac test in Lysed cells: for each experiment, the lysed cell solution
was obtained by twice freeze-thawing cell suspension in liquid nitrogen.
The sample-containing cells were prepared as in II. In this set of
experiments L-lactate (10mM) was also added to the growth medium and
left to equilibrate for 10min in the NMR spectrometer before the HP

experiment.

The acquisitions of the '3C-NMRspectra were carried out using a small flip
angle (18°). A 2 s delay was applied between successive acquisitions. The first
acquisition started a few seconds before the injection of the HP substrate.

The samples (volume of 300pnL) were placed in the 5mm NMR tube
equipped with the Teflon transfer line ready to receive the addition of the HP
substrate. The NMR tube was positioned into the NMR spectrometer (600 MHz
Bruker Avance) where it was kept at 310 K. The cells viability at the end of the
hyperpolarized experiment was checked using the trypan blue exclusion test.
The viability in all of the experiments was 95%. At the end of the experiment
the number of cells was checked via the quantification of Bradford proteins,
using the specific calibration line for each cell line. The *C NMR spectra were
acquired on a Bruker Avance 14.1 T NMR spectrometer using a 5mm BBO
probe equipped with 'H and '3C coils.

3.2.3 Cells Cultures

The PC3, DU145, and LNCaP (prostate carcinoma) cell lines were
purchased from American Type Culture (ATCCR). Cells were kept for 72 h
in 175 cm? flasks at 310 K in a humidified atmosphere with 5 % CO5 in the
recommended culture media as suggested by ATCC, in particular: LNCaP:
RPMI1640 (D-glucose 25.0 mM); PC3: F-12K (D-glucose 7.0 mM); DU145:
EMEM (D-glucose 5.6 mM). All the cells were used within the first 10 passages
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from unfreezing.

3.2.4 In vitro cytotoxicity
1

To assess adverse effects of the aqueous solutions derived from
the  PHIP-SAH  hyperpolarization  procedure, the  MTT  test
(based on the enzymatic reduction of the tetrazolium salt MTT
[3-(43-dimethylthiazol-2-y1)-2,5-diphenyl-tetrazoliumbromidein])  in living,
metabolically active cells was carried out on both prostate cancer cell lines.

For these tests, cells were harvested by trypsinization, resuspended in
fresh medium, and plated in a volume of 0.1 ml in the wells of 96-well microtiter
plates. Routinely 7,000-16,000 cells, depending on the cell lines growth curve,
were plated in each well. After 24 hours, to ensure the cells adhesion, the
culture medium was removed and replaced with a fresh medium of the same
composition as the one used in the hyperpolarization procedure, i.e. 15% of the
aqueous solution in the final volume (0.1 ml).

At the end of the incubation period (1, 6 and 24 hours), the medium was
replaced with 0.1 ml of a 5 mg/ml solution of MTT (purchased from Sigma, St.
Louis, MO) in phosphate-buffered saline (PBS 1X). After 4 hours of incubation
with MTT at 310 K, the supernatant was carefully sucked off and a solubilization
solution, 0.15 ml of dimethyl sulfoxide, was added to dissolve the insoluble
purple formazan product into a coloured solution and the absorbance at 570
nm was read by a spectrophotometer.

Cells were plated in triplicates to minimize the variability of the results.
In each plate, 3 control wells for each cell line were included.

The PC3 and DU145 cells were treated with the following solutions:

LCytotoxicity tests as well as extracellular and itracellular lactate concentration

measurements were performed by E. Cavallari and G. Di Matteo
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1)

aqueous solution of the product of the PHIP-SAH procedure, prepared
as described in the [1-13C]pyruvate hyperpolarization paragraph (i.e. the

aqueous phase resulting after step c).

aqueous solution obtained from the injection of the pressurized and heated
base through a chloroform solution of the hydrogenation catalyst, without
the addition of propargyl-pyruvate. The solution is analogous to 1 but is

expected to contain only residues of chloroform and catalyst impurities.

aqueous solution obtained from the injection of the pressurized and
heated base through chloroform, without the hydrogenation catalyst. The

aqueous solution is expected to contain only traces of chloroform.

aqueous solution of allyl-alcohol, at the same concentration as that

obtained from the hyperpolarization procedure.

aqueous solution of the product of the PHIP-SAH procedure, prepared
with the addition of ethanol (5puL) to the organic phase. In this case the
composition of the aqueous solution is analogous to 1, but with an excess
of ethanol. As this composition was the one used in a previous in vivo

study ", its toxicity was tested in this work for completeness.

3.2.5 Lactate dehydrogenase assay

A commercial kit (Sigma-Aldrich MAKO066) has been used to measure

the LDH activity in the two cell lines. The kit has been used according to
the manufacturer’s instructions. Briefly, 1x10° cells per sample were rapidly
homogenized by sonication (30 % power, 21Watt, for 30 seconds) on ice in
500 nL of cold LDH Assay buffer, centrifuged at 10000 g for 15 minutes at 277

K to remove insoluble material.
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To ensure the readings are within the linear range of the standard curve,
4-10pLL samples were added into duplicate wells of a 96 well plate, bringing
the sample to the final volume of 50 pL. with LDH Assay Buffer. After the
addition of 50 ul. of the Master Reaction Mix the NADH production kinetics

were measured via absorbance of the specific probe at 450 nm.

3.2.6 Extracellular lactate assessment.

To determine the concentration of lactate in the supernatant, cells were
seeded on 75mm? plates. After overnight adhesion in standard conditions (310K
and 5 % CO3), the culture medium was replaced with a new one. In order to
determine the concentration of lactate in the medium at three different times,
three sets of plates (three plates for each time point) have been prepared and
left in the incubator for 24, 48 or 72h, respectively. At the three selected times,
the medium was collected, the cells harvested by trypsinization and counted.
The applied procedure allows to normalize the amount of lactate measured in
the culture medium to the number of cells that have produced it.

In order to immediately quench any possible residual metabolism, one
volume of culture medium was mixed with two volumes of cold methanol in
a vial, snap-frozen and left 2 hours in liquid nitrogen. Proteins were then
allowed to precipitate at 250 K for 30 min and the sample was centrifuged at
16000 g at 277 K for 20 minutes. The supernatant was then collected and
immediately lyophilized to remove the methanol for subsequent measurements
and reconstituted with 0.6 ml of phosphate buffer (0.15 M K;HPO4, pH=7.0)
in deuterated water (D20) for the 'H NMR quantification.

The amount of extracellular lactate was determined using NMR 'H
spectrometry (Fig. 3.1). Experiments were carried out in triplicates

and the lactate concentration in the samples (umol/cell) was calculated

51



3. IN-CELLS METABOLIC STUDIES USING PHIP
POLARIZED [1-13C]PYRUVATE

based on internal standard reference. A known amount (0.35 mM) of
3-(trimethylsilyl)-propionic-d4 acid sodium salt (TSP-d4) was added to act as
chemical shift reference for the calibration of the NMR data (at 0.0 ppm) as

well as internal standard for quantitation.

75 70 65 60 55 50 45 40 35 80 25 20 15 10 05 ppm

Figure 3.1: 1D 'H NMR spectra of extracellular metabolites from DU145 cells
cultured in this medium for 72 hours. The 1.33 ppm signal is the one originating

from the methyl lactate protons. At 0.0 ppm the 3-(trimethylsilyl)-propionic-d4
acid sodium salt (TSP-d4) protons (0.35 mM).

3.2.7 Intracellular lactate concentration.

Methanol-chloroform-water extraction (M/C) was used to extract
metabolites from cells. Briefly, cell pellets were promptly quenched in liquid

nitrogen followed by the addition of 0.5 ml of cold methanol-chloroform solution
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in a ratio of 2:1.

After thawing on ice, samples were vortexed for 60 s

and sonicated. After 15 minutes of contact to the M/C solution, 0.25 ml of

chloroform and 0.25 ml of distilled water were added to the mixture to yield an

emulsion, which was vortexed and centrifuged at 13000 g for 20 min at 277 K.

The upper layer containing water-soluble metabolites was collected, lyophilized
and reconstituted with 0.6 ml of phosphate buffer (0.15 M K3HPOy, pH 7.0) in
deuterated water (Dy0) for the 'H NMR quantification.

A concentration of 0.03 mM of the internal standard (TSP-d4) was used

as reference (Fig. 3.2, 3.3).

2.0

0.4 0.2 0.0 ppm

u

Figure 3.2: 1D ‘H NMR

cells cultured for 72 hours.
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spectra of intracellular metabolites from DU145

The 1.33 ppm signal is the one originating from

the methyl lactate protons. At 0.0 ppm the 3-(trimethylsilyl)-propionic-dj acid
sodium salt (TSP-d4) protons (0.03 mM).
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Figure 3.3: 1D 'H NMR spectra of intracellular metabolites from
DU145 cells extract. The characteristic peaks from most of the identified
metabolites for this cell line are annotated with mames and numbers: 1
N-acetylaspartate, 2 N-acetylglutamine, 8 Proline, 4 Pyruvate/Ozxaloacetate,
5 Glutathion/Aspargine, 6 Citrate, 7 Methionine, 8 Hypotaurine, 9 Malate,
10 Aspartate, 11 Lysine, 12 a-ketoglutarate, 18 Glutathion, 14 Creatine, 15
Phosphocreatine, 16 Phenylalanine, 17 Histidine, 18 Choline, 19 Taurine, 20
Betaine, 21 Trimethylamine-N-oxide, 22 Myoinositol, 23 Taurine, 24 D-glucose,
25 Myoinositol, 26 Overlapped peaks from D-glucose, D-galactose, Fructose,

GSH and several amino acids (-CoH-), * Methanol (residual extraction solvent).

3.3 RESULTS

When HP-[1-13C]pyruvate was added to the cells suspended in their
growth medium, kept in the NMR spectrometer at physiological temperature,
build-up of the lactate signal was observed immediately, in the series of the
I3C-NMR spectra, due to the rapid exchange of the '3C hyperpolarized label
between pyruvate and lactate that occurs in the intracellular compartment

(Fig. 3.4). The lactate signal reaches a maximum at about 20 s, then it
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decays due to the T; relaxation processes. The '3C signals corresponding to
pyruvate and lactate were integrated and the time dependent signal intensities
of lactate and pyruvate were interpolated using a set of functions, in order
to obtain information about the kinetics of the metabolic process. The
experimental results might be interpolated using a four pools model that
takes into account intra- and extra-cellular pyruvate and lactate, all mutually
exchanging**?. However, in the present case, the spectral resolution did not
allow to discriminate between the intra and extracellular metabolites’ signals,
therefore the two compartments model was used, in order to avoid errors due

to the use of too many parameters for fittings .
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Figure 3.4: Series of '>C-NMR spectra acquired after the perfusion of a cells
suspension (PC3 cells, 10M) with the aqueous solution HP-[1-13CJpyruvate.
Spectra were acquired using small flip angle pulse (18°) and 2 s delays between
one scan and another. B) expanded 1*C-NMR spectrum at mazimum 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 the addition of
HP-pyruvate to a suspension of DU145, PC3, and LNCaP cells.
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The observed pyruvate and lactate peak intensities can be fitted to a

simple two sites exchange model
Pyr = Lac (3.1)

according to which , the 13C-NMR signals of [1-13C]pyruvate and [1-13C]lactate

are described by the coupled differential equations

Ppy, 1
M = —k‘pLPyT(t) + kPLLac(t) - 7Py’l"(t) (32)
dt Tip
1
dPrac = +kppPyr(t) — kprLac(t) — — Lac(t) (3.3)
dt Tir

where kpy, and kpp are the kinetic constants of the pyruvate to lactate
conversion and T; is the decay time constants of the >C carbonyl sites. It
has already been shown that the model can be further simplified by setting
the back-conversion rate (kpp) to zero. It follows that one deals with a two
compartment model characterized by a unidirectional flow with the kinetic
constant kpr, being an apparent overall pyruvate to lactate conversion rate. We
must also be considering that the small flip angle pulses (18°) that were used
lead to further loss of polarization. In order to take into account this factor, an

envelope function exp(-At) was added to the observed signal intensity, where

In(cosy)
A= ————= 34
A (34)
and t is the time interval between successive pulses
Pyr’ = Pyr - exp(\t) (3.5)
Lacd = Lac - exp(\t) (3.6)
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The kinetic constants obtained from the fittings were normalized to the
number of cells and the pyruvate-to-lactate conversion rate was calculated as

follows:
_ kpr, - [Pyr]w - ¥

Neells

9 (3.7)

where vpy, is the volume of the sample.

From the interpolation of the '*C-NMR time-dependent signals LNCaP cells
resulted to be less glycolytic than the other two (PC3 and DU145), in agreement
with the fact that LNCaP cells have a more oxidative metabolic phenotype than
the other two”', while DU145 were significantly more glycolytic than PC3 cells
(Fig. 3.5.A).

In the second set of experiments, lactate was added to the medium
in which cells were suspended, during the *C-NMR experiment, as reported
by Day et al.”” In this case, the pyruvate-to-lactate conversion rate become
significantly faster in PC3 than in DU145 cells, while the apparent glycolytic
efficiency of the LNCaP cells was still significantly lower than in the other two
cell lines (Fig. 3.5B).

In order to get more information about the differences in the metabolic
phenotype of the two, more aggressive cell lines (PC3 and DU145), another
series of experiments has been carried out on lysed cells. In these experiments,
the exchange kinetics became higher in both cell lines (PC3 and DU145) and
were still slightly, even if not significantly, faster in DU145 than in PC3 cells
(Fig. 3.5C).
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Figure 3.5: Rate of pyruvate to lactate conversion obtained from the
experiments carried out using HP [1-1°Clpyruvate on cells, in different
conditions: A) intact cells (DU145, PC3 and LNCaP cells) cultured in their
proper culture medium; B) intact cells suspended in the medium with added
lactate; C) lysed cells and D) results of the LDH activity biochemical assay
carried out on the three cell lines. See the main manuscript for more details
about the LDH activity assay. P < 0.001, ~"P < 0.01, “P < 0.05; unpaired
t-test.

3.4 DISCUSSION and CONCLUSIONS

When cellular metabolism was interrogated using HP-pyruvate in intact

cells, the results were only partly in agreement with those obtained using the
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conventional LDH activity assay. In fact, the metabolic phenotype of LNCaP
is significantly less glycolitic than in the other two, more aggressive cell lines,
that is consistent with the LDH activity test. Conversely, the pyruvate to
lactate conversion rate of in DU145 cells was faster than in the PC3 cells, in
contradiction with the LDH activity obtained from the biochemical assay (Fig.
3.5.A and D The LDH activity biochemical assays have not reported in the
thesis, see the published paper for more details about this topic). In order to
clarify this, we can consider the other two sets of experiments (those carried
out on lysed cells and those with lactate added to the medium). We has also to
keep in mind that the pyruvate-to-lactate exchange rate observed in intact cells
is the result of concomitant processes, namely the rate of metabolite transport
through the cellular membrane, and the efficiency of the LDH enzyme.

In the experiments carried out on lysed cells, the contribution of MCT1
(MonoCarboxylate Transporter-1) mediated transport of pyruvate to the extra
to the intracellular compartment was removed, while lactate was added to the
medium in order to mimic its intracellular concentration. In these experiments,
the exchange kinetics became almost the same in both cell lines (PC3 and
DU145)(Fig. 3.5C), even if not significantly faster in PC3 cells, as expected from
the LDH activity tests. Therefore, it is evident that the MCT transporters have
an effect on the pyruvate to lactate conversion rate, but this is not sufficient
to justify the apparent higher glycolotic phenotype of DU145 cells observed
using HP-pyruvate. Therefore we have to consider that different isoforms of
LDH exist (LDH-A and LDH-B), that have different affinity either for pyruvate
or for lactate. Isoforms LDH-A and LDH-B are found in the mitochondrial
compartment, plasma membrane, and cytosol°”. LDH-A has a higher affinity for
pyruvate, which means it preferentially converts pyruvate to lactate and NADH
to NAD™, whereas LDH-B has a higher affinity for lactate and preferentially
converts lactate to pyruvate and NADT to NADH %
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Therefore, the faster >C label exchange between pyruvate and lactate
observed in the PC3 cells, after the addition of lactate to the extracellular
medium, might be due to higher LDHpg expression, that leads to the more
efficient oxidation of lactate to pyruvate. The biochemical assays seemed also to
support this hypothesis. In fact, the biochemical LDH assay measured the rate
of lactate-to-pyruvate conversion, through the spectrophotometric observation
of NADH formation, and the LDH activity was higher in PC3 than in DU145
cells.

The process of converting lactate into pyruvate by means of an
LD Hpg-dependent reaction is the so-called oxidative lactate metabolism " and,
associated with MCT-1 facilitated lactate uptake, is at the core of a metabolic
adaptation of cancer cells called metabolic symbiosis

These observations seemed to point toward the view that the oxidation
of lactate into pyruvate is more efficient in PC3 cells, while the LDH enzyme
works preferentially as a pyruvate reductase in the DU145 cells.

Although a thorough investigation of the expression of the different
isoenzymes (LDH,4 and LDHp) and MCTs (MC1 and MCT4) in the two,
more aggressive prostate cancer cell lines (PC3 and DU145) would be needed,
it can be concluded that the experiments reported herein have shown that the
polarization obtained on [1-13C]pyruvate, as obtained using the PHIP-SAH
methodology is more than sufficient for investigation of the differences in
the metabolic phenotype of prostate cancer cells characterized by different
aggressiveness (LNCaP, PC3, and DU145). These findings pave the way
for a number of possible NMR investigations of cellular metabolism that go

well-beyond -the pyruvate/lactate transformation investigated in this work.
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EFFECT OF THE
HYDROGENATION SOLVENT
IN THE PHIP-SAH
HYPERPOLARIZATION OF
1-13C]PYRUVATE
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Abstract

Para-Hydrogen Induced Polarization-Side Arm  Hydrogenation
(PHIP-SAH) is an inexpensive tool to obtain hyperpolarized pyruvate
(and other metabolites) that can be applied to in-vivo diagnostics, for the
investigation of metabolic processes. This method is based on hydrogenation,
using hydrogen enriched in the para-isomer, of unsaturated substrates,
catalysed, usually, by a homogeneous rhodium(I) complex. In this chapter, the
effect of the solvent on the hydrogenation efficiency and on the hyperpolarization
level will be investigated. Coordinating solvents, such as acetone and methanol,
can increase significantly either the efficiency or the hyperpolarization level,
but they are not compatible with the intended metabolic applications. The
phase extraction of the hyperpolarized product (sodium pyruvate) in an
aqueous solution was obtained carrying out the hydrogenation reaction in
chloroform and toluene. The traces of the organic solvents in the water phase
were removed, by means of filtration through a lipophilic resin, thus improving
the biocompatibility of the aqueous solution of the hyperpolarized product. At

the end of the chapter the biological in-vivo application will be described.

4.1 INTRODUCTION

The vast majority of MRI studies addressing diagnostic applications make
use of the 'H signal of water while other molecules are not usually observed
directly, due to their low abundance and to the intrinsic low sensitivity of
MR based methods. The in-vivo application of hyperpolarized substances
obtained by means of PHIP has been reported since the early days of the
application of hyperpolarization techniques’®”” and recent advancements have
been surveyed in both hydrogenative”” "' and non-hydrogenative PHIP

Pyruvate is the most scrutinized hyperpolarized metabolite and it has been used
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in the investigation of metabolism of different diseases”">"""”"". Clinical trials
are currently ongoing for cancer (prostate and breast cancer””). The possibility
of obtaining HP (hyperpolarized) pyruvate using PHIP-based methods is
quite appealing and this task is under intense scrutiny by means of both
hydrogenative *>>*>"°° and non-hydrogenative PHIP (i.e. SABRE)""“® based
methods.

The removal of the hydrogenation catalyst continues to be a major
issue for biological applications, in spite of early investigations have shown
relatively low toxicity "’ and its removal has been pursued by means of metal
scavengers '’ Phase transfer of the hyperpolarized product from a hydrophobic
organic solvent, in which the hydrogenation is carried out, to an aqueous
medium, has been exploited for both SABRE'' and hydrogenative-PHIP
These methods yielded positive results in the catalyst removal, which is mostly
retained in the organic phase. However, hydrophobic solvents such as chloroform
are also partially soluble in water °, thus introducing serious problems about the
bio-compatibility of the hyperpolarized substrate containing solution. In this
chapter will be shown the results on the effect of different reaction solvents on
hyperpolarization of an unsaturated derivative of pyruvate (propargyl-pyruvate)
by means of hydrogenative PHIP (PHIP-SAH). After hydrolysis of the ester and
successive phase extraction, an aqueous solution of the hyperpolarized molecule
was obtained and the residual amount of the organic solvents measured. Next,
the aqueous solution was filtered to remove the organic solvent residues by

filtration.
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4.2 Materials and methods

4.2.1 Sample preparation

In order to hydrogenate the propargylic
ester of pyruvate, the hydrogenation catalyst
([1,4-bis(diphenylphosphino)butane](1,5-cyclooctadiene)rhodium(I)tetrafluoroborate],
Sigma Aldrich, CAS: 79255-71-3) was used, without purification.

NMR sample tubes equipped with a gas-tight valve (Norell® NMR
sample tubes) were used to carry out the hydrogenation reactions.

Deuterated solvents were bought from CortecNet and used without
purification. The propargylic ester of [1-'*C]pyruvate was synthesized as
reported in ref

The catalyst/substrates solutions were prepared and loaded into the
NMR sample tubes according to the following experimental set-up:

Acetone. A 7 mM solution of the catalyst was prepared by dissolving
the commercial compound in deuterated acetone (Acetone-dy). The solution
was filtered through a poly(tetrafluoroethylene) (PTFE) (Whatman, UNIFLO)
syringe filter, size of the pores 0.22 pum. 100 pL of this solution were transferred
into each NMR sample tube and the solution was frozen in liquid nitrogen. The
propargylic ester of [1-13C]pyruvate (27 pmol in each sample tube, concentration
in the hydrogenation mixture 270 mM) was added to this solution.

Chloroform. A 14 mM solution of the catalyst was prepared in
deuterated chloroform (CDCl3) and filtered on the PTFE filters. 100 uL of this
solution were transferred into each NMR, sample tube and the tubes were frozen
in a liquid nitrogen bath. The propargylic ester of [1-13C]pyruvate (27 pmol) was
added to each tube. In the experiments carried out using ethanol as co-solvent,
5 % of EtOH (Ethanol BioUltra for molecular biology, >99.8 %, Sigma-Aldrich)

was added as well.
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Methanol. Due to the low solubility of the catalyst precursor in
methanol, it was dissolved in chloroform, first, and the solution was filtered
through the PTFE filter (see above). The catalyst containing solution was
distributed into the NMR sample tubes (1.4 pmol/tube) and chloroform was
evaporated by means of an argon flow. Deuterated methanol was added to each
tube (100 uL, final concentration of the catalyst 14 mM) and the solution was
frozen in liquid nitrogen. The propargylic ester of [1-!3C]pyruvate was added
to the tubes (concentration in the reaction mixture 270 mM).

Toluene. Due to the low solubility of the catalyst in toluene, the same
procedure reportetd for methanol was applied (1.0 pmol/tube). Toluene was
added (100 pL toluene-h8) and the tubes were frozen into a liquid nitrogen
bath. The propargylic ester of [1-13C]pyruvate (26.6 pmol) was added to the
tube, as well as 5% v/v (Ethanol BioUltra for molecular biology, >99.8%,
Sigma-Aldrich).

In order to add para-hydrogen, the frozen NMR sample tube, loaded with
the substrate/catalyst solution, was connected to a vacuum line and the air
was removed by applying vacuum (<0.2 mbar). Para-hydrogen (BPHG Bruker
Para-Hydrogen Generator 86 % enrichment) (2.1 bar) was added, while keeping
the NMR tube in a liquid nitrogen bath. The tube was disconnected from the
vacuum line and kept frozen in liquid nitrogen (77 K) in order to prevent any

chemical reaction, until the start of the hyperpolarization experiment.

4.2.2 13C hyperpolarization

The spin order transfers from the para-hydrogen protons to 3C of the
carboxylate group was obtained by applying magnetic field cycle, explained
before at the chapter 2 (section 2.2.3).

In all the experiments, the NMR tube was placed inside the magnetic
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field set to 1.5nT and the MFC profile was applied. The sample tube was
removed from the shield, 250 nL. of solvent was added and the NMR tube was
transported into the NMR spectrometer where the 13C-NMR, spectrum (one
shot, 90° flip angle, RG 9) was acquired. Thermal equilibrium spectra were

acquired with 8 transients, using 90° pulses separated by 250 s intervals.

4.2.3 Hydrolysis of the ester and phase extraction

Hydrolysis was carried out using an aqueous base solution (NaOH 0.13N)
containing sodium ascorbate (50 mM). For each experiment, 260 pL of this
solution were charged into a PTFE tube (PTFE 1/16” x 0.75i.d. tube, VICI
Jour). The tube was pressurized with Argon (1.5bar) and heated in a hot
water bath (80°C). The injection of the aqueous base into the organic solution
was obtained by opening the injection valve (Fig. S1). A few seconds after
(7-8 s), an acidic buffer (HEPES 144 mM, 100 pL, pH 5.4) was added to obtain
neutral pH. It must be noticed that pyruvate is quite unstable in basic solution
and it tends to degrade quickly. In the end, the aqueous phase was collected
in a syringe, transferred into an NMR sample tube for the acquisition of the
I3C-NMR . spectrum and diluted with 200-300 pL. D;O. Thermal C spectra
were also acquired on each sample, in order to allow shorter repetition time
between the scans, a GA(III) complex (Gd-DO3A, 3 mM)*® was added to
the aqueous solution, after the acquisition of the hyperpolarized signal. The
paramagnetic complex allowed to shorten the relaxation time of the 'C signal
and the time delay between the scans was set to 2 s. The concentration of sodium
pyruvate and of the other side-products in the aqueous phase were determined
by adding the reference standard TSP (3-(Trimethylsilyl)propionic-2,2,3,3-d4
acid CAS 24493-21-8, 15 mM).

67



4. EFFECT OF THE HYDROGENATION SOLVENT IN THE
PHIP-SAH HYPERPOLARIZATION OF [1-13C]PYRUVATE

4.2.4 Filtration.

In order to remove the organic solvents (toluene and chloroform) still
present in the aqueous solution after the phase extraction, a small amount
(approximately 100 uL) of TENAX resin was used. The resin was placed in a
1ml syringe (Fig. S3) and retained using a PEEK filter (Idex Fluidics, Frit in
Ferrule 2um PEEK). The aqueous solution was put on the top of the column
and quickly eluted through the resin. The water solution was collected in an
NMR tube and placed into the NMR spectrometer for the acquisition of the
I3C-NMR spectrum. Thermal spectra were also acquired following the addition
of the GA(III) solution (to speed up **C-NMR acquisition) and of the standard

TSP, as described in the previous paragraph.

4.2.5 Calculation of TOF.

The turnover frequency (TOF) of the catalyst in the different solvents

[product]
[cat]-t >

was calculated using the formula where [product] is the concentration
of the alkene obtained from the mono-hydrogenation of the substrate, [cat] is
the catalyst concentration and t is the hydrogenation time, as reported in the
experimental section . The concentration of the product (allyl-pyruvate) and

of the catalyst were measured from the thermal 'H-NMR spectra, using an

external reference.

4.3 RESULTS AND DISCUSSION

4.3.1 Hydrogenation efficiency in different solvents

The use of PHIP polarized substrates in diagnostic applications requires
that a highly concentrated sample of the product is obtained in a very

short time, in order to limit the hyperpolarization loss due to relaxation.
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The hydrogenation method, i.e. the use of NMR tubes pressurized with
para-enriched hydrogen, allowed to use a small amount of reagents and to reach
good reaction yields, in the very short time required for PHIP hyperpolarization.
Different hydrogenation methods have been reported, which are based on
spraying the hydrogenation mixture in a reactor filled with para-hydrogen ‘>

or bubbling paraH2 through the hydrogenation solvent’’>'“.The former one
requires a dedicated system and a relatively large amount of reactants, whereas
the latter may need high para-hydrogen pressure (>10 bar)” to reach high
efficiency of the reactions. In the herein reported experiments, a concentrated
solution (240 mM) of the alkyne (propargyl-pyruvate) was hydrogenated to

alkene in few seconds (1-3 seconds).
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Figure 4.1: TOF (turnover frequency) (moles of substrate that a mole
of catalyst can convert in a unit time, 1s) for the catalyst (Rh(I) complex
containing the chelating phosphine dppb (bis-(diphenilphosphino)butane)) in
different solvents. The experimental conditions (hydrogen pressure, reaction

temperature) and the hydrogenation method are described in the methods section.
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The concentration of the catalyst and the hydrogenation time were
optimized for each hydrogenation solvent, in order to obtain complete
hydrogenation of the substrate. The turnover frequency (TOF) of the catalyst
in the different solvents was calculated (Fig. 4.1). The highest hydrogenation
efficiency was obtained in acetone, in which complete conversion of the alkyne
to the alkene was obtained in only 1 second, using half of the catalyst used in
the experiments carried out in methanol (7 mM instead of 14 mM).

Acetone and methanol are both coordinating solvents and they are
widely applied for the hydrogenation reactions catalysed by this type of
rhodium complexes, containing chelating phosphines®”’. These solvents allow
the formation of the catalytically active complexes (I in Fig. 4.2), upon the
hydrogenation of the coordinated diene that frees the coordinating sites required
for binding the substrate (Fig. 4.2). The formation of these active complexes
can be detected in the 3'P-NMR spectra of the hydrogenation catalyst, following
to the activation (i.e. the release of the coordinated diene). In these spectra, the
signals of the phosphine ligand in the activated complex, in different solvents,
can be clearly distinguished from those of the catalyst precursor (TableS1).

In the catalytic cycle, the so-called unsaturated route (Fig. 4.2)°"“ the
substrate coordinates to the metal center and displaces the solvent molecules (I
to IT in Fig. 4.2). The higher efficiency of the catalyst in acetone, as shown by
the higher TOF, may be due to the fact that, being acetone a weaker ligand than
methanol """, it can be replaced more easily by the substrate, thus facilitating
the hydrogenation reaction.

Unfortunately, acetone and methanol are completely miscible with water,
therefore they are not compatible with in-vivo applications.

Vice-versa, chloroform and toluene are hydrophobic solvents,
characterized by low solubility in water (toluene/water 0.052 WT% at
293K; chloroform/water 0.8 WT% at 293K) ", therefore they can be used for
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the phase-extraction step of PHIP hyperpolarized products.

So far, chloroform has been used to obtain the phase-extraction of PHIP
hyperpolarized products’'>'* from the organic solution to the aqueous phase.
It is a non-coordinating solvent and the activation of the catalyst precursor,
by means of the hydrogenation of the coordinated diene (cyclooctadiene or
norbornadiene), leads to the formation of non-catalytically active dimers.
Nevertheless, when the unsaturated substrate is added to the reaction mixture
before the activation of the catalyst, the efficiency of the hydrogenation reaction
is the same as the one observed in methanol (Fig. 4.1). The observed behaviour
can be accounted for considering that, in the hydrogenation pathway (Fig. 4.2),
the substrate can replace the product molecule directly (passage V to I, dotted
arrow in Fig. 4.2) and the formation of the solvated specie (form I, Fig. 4.2)
can be circumvented. The addition of a coordinating solvent (i.e. ethanol)
does not improve the reaction efficiency, although the hyperpolarization level is
increased, as it will be shown in the following section.

Toluene can coordinate to the metal centre, as it can be observed from
the ' P-NMR signals (Table S1), but unfortunately the hydrogenation efficiency
of this complex is low, probably due to its scarce solubility in this solvent. The
addition of a small percentage of ethanol (5% v/v) leads to an increase in both
solubility and hydrogenation efficiency. It must be outlined that ethanol has
been preferred to methanol, as co-solvent, due to its lower toxicity and better

bio-compatibility
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Figure 4.2: Hydrogenation pathway for the Rh(I) complex containing the
chelating phosphine dppb (bis-(diphenilphosphino)butane). In the passage shown
by the dotted line, the intermediate I is circumuvented, i.e. the adduct of
catalyst and solvent is not formed. This is the case of chloroform, that is a

non-coordinating solvent

4.3.2 'H and '3C Hyperpolarization on reaction products

Early on in the study of the PHIP phenomenon, it was realized that
the hyperpolarized spectra of the product molecule depend crucially on the
catalyst ®” because mixing between the singlet state of para-hydrogen and the
other states (triplet states) occurs on hydrogenation intermediates®. The
singlet /triplet mixing factor can be substantially different depending on the
substrate, on the solvent and other experimental conditions. Higher S/T mixing
leads substantially to loss of singlet order and hence lower hyperpolarization

level on the products. More stable reaction intermediates would lead to longer
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contact time of the hydrogen molecule on these intermediates and less efficient
transfer of the singlet state to the products. In other words, para-hydrogen is not
transferred to the product in pure singlet state, thus making the hydrogenation
intermediates to have an effect on the S/T mixing, and in turn, introducing
a relevant weight of the experimental conditions in the determination of the
polarization level on products.

In order to estimate the efficiency of the singlet state transfer to the
product, 'H hyperpolarized spectra have been acquired in different solvents. In
these experiments, hyperpolarization on protons has been taken as a readout
of the singlet state transferred to the product. This can be considered a more
direct readout than the '3C polarization, which reports on the efficacy of spin
order transfer techniques, i.e. RF pulses or magnetic field cycle.

In these experiments, called ALTADENA, °“ the molecule is hydrogenated
at geomagnetic field, with all the protons resonating at the same Larmor
frequency, and then transported into the high field of the NMR spectrometer
for detection. During this passage, net magnetization on the 'H-NMR signals
of the product takes place.

The 'H-NMR spectrum (Fig. 4.3) obtained from the ALTADENA
experiments shows that hyperpolarization is distributed on all the protons of
the allyl moiety.

Despite the higher catalyst efficiency observed in acetone, proton
hyperpolarization in this solvent is significantly lower than in methanol. This
can be explained considering the final step of the hydrogenation pathway (step
V to I Fig. 4.2), in which the product is replaced by a solvent molecule, to allow
a new molecule of the substrate to bind at the catalyst and start a new catalysis
turnover. When the binding affinity of the solvent is higher, the displacement of
the product molecule is energetically favored and this step is faster. This would

result in a smaller singlet/triplet mixing on the intermediate V (Fig. 4.2) and
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higher polarization on the product.
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Figure 4.3: In methanol, 15% of pyruvate ester is in the oxo-form (A) and
85% in the ketal form (B). I) 1H hyperpolarized (upper) and thermal (lower)
spectra of allyl-pyruvate after hydrogenation, using para-enriched hydrogen, in
methanol-d; (ALTADENA experiments). II) 'C hyperpolarized (upper) and
thermal (lower) spectra of allyl pyruvate obtained in the same solvent, after the
application of magnetic field cycle for spin order transfer from para-hydrogen
protons to 3C. From comparison between the hyperpolarized and thermal
spectra, it can be easily noticed that the oxo- form (A) is significantly more

polarized that the ketal form.

Next 13C hyperpolarization was obtained (Fig. 4.3), upon the application
of the magnetic field cycle procedure. Consistently with the ALTADENA
results, the '>C hyperpolarization level was higher in methanol than in
acetone. It must be noticed that the hyperpolarization level is different

on the two isoforms of pyruvate-ester, being significantly higher on the

74



4. EFFECT OF THE HYDROGENATION SOLVENT IN THE
PHIP-SAH HYPERPOLARIZATION OF [1-13C]PYRUVATE

oxo-form (2-oxo-propanoate, 17.5 £ 0.9 % '3C hyperpolarization, 15% of the
total,), than on the acetalic-form (2,2-dimetoxy-propanoate, 6.4 4+ 0.2% 3C
hyperpolarization). The two forms of pyruvate are 15% (2-oxo-propanoate)
and 85% (2,2-dimetoxy-propanoate) of the total amount. The difference
between the '3C hyperpolarization of the two forms derives from the differences
observed in the polarization of the 'H signals. In fact, as shown in Fig.
4.3, the methylene protons appear more polarized on oxo-propanoate than on
dimetoxy-propanoate. In pure toluene, hyperpolarization on '2C is significantly
lower than in the other solvents, but if a small percentage of ethanol is added
(ethanol, 5% v/v), hyperpolarization is significantly increased. This can be due

to the improved solubility of the catalyst in the toluene/ethanol mixture.

25 15m
L]
® 204 - S -
o c
o = S 104
S 151 o s {g 2
N N _ﬁ_
= £ £
§ ™ e T F o= A%
o e o & N ™y a
I 54 . e—:u
- = "
0 L] L] L] L) L) L] c L) L] T L] L] L]
’&b@ 000 “‘\0 P 4\\0 S \(\,b“ 600 4\\0 S ‘:‘\0 g
& & e
| | IS
- ‘ v = o !
Toluene/EtOH CDCI,/EtOH
Toluene/EtOH CDCI5/EtOH

Figure 4.4: Hyperpolarization level on 'H and 'C-NMR signals obtained
in different solvents. 'H hyperpolarization has been measured in ALTADENA
experiments, while MFC (Magnetic Field Cycle) has been applied to obtain the
spin order transfer from para-hydrogen protons to °C, in a different set of

experiments.

To study the effect of the ethanol addition as a co-solvent for the toluene
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experiments with the different amount of the ethanol were performed. As
can be observed from the results (Fig. 4.5) amount of the ethanol was not
much effected at the polarization level but linearly decreased hydrogenation
yield of the resulted ester. This can be explained that ethanol as co-solvent
at the reaction is effected only solubility of the catalyst complex but not the
coordination ability of the the solvent (Tabl. S1). On the basis of the obtained
data for further work was chosen as a solvent solution the mixture of the toluene

and 5 % of Ethanol.
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Figure 4.5: Correlation between amount of Ethanol and Hydrogenation yield

or Polarization level after the hydrogenation of [1-13C] propargyl pyruvate with

Para-hydrogen in toluene

Chloroform is non-coordinating and it does not intervene directly in the
reaction pathway. The observed hyperpolarization, on both 'H and '3C spectra,
is slightly lower than in toluene. Also in this case, the addition of the co-solvent
(ethanol, 5%) leads to an increase of the hyperpolarization of the 'H and '3C
signals, although the effect of the co-solvent on hyperpolarization is lower than

that observed in toluene (Fig. 4.4 and Tab. 4.1).
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Solvent 1

Polarization

Acetone-dg 12.7+1.4
Methanol-d,  20.6%1.4

Toluene-h8 6.7+ 1%
Toluene/ 16.3 £ 0.8
EtOH (5%)
Chloroform-d 7.2 £ 0.2
Chloroform-d/

EtOH (5%) 9.1+ 1

Chloroform/
EtOH (30%)

13C
Polarization

Allyl-

[1-13C]pyruvate

5.7£1.2
92=£19
17.54+0.9
(oxo-form)
6.41+0.2
(acetalic-form)
3.6 +0.9%
8.4 £ 0.6

5.2 4 0.6 (n=6)

72+ 1 (n=3)

6.2 £ 0.3*
8.5 + 0-4**

13C

Polarization

130

Polarization

[1-13C]Pyruvate [1-3C]Pyruvate

4.1 +£0.3

2.7 +£ 0.6%

3.5%*

5.2%**

Filtered

34+£06

22+£03

Table 4.1: Hyperpolarization level on 'H and % C signals of parahydrogenated

allyl-pyruvate. * 13C hyperpolarization values reported in ref.

4.3.3 Hydrolysis and phase extraction

and ** in

For biological applications, hydrolysis of the allyl-ester and transfer of

hyperpolarized pyruvate into the aqueous phase are the next steps.

Phase

transfer of the hyperpolarized product from the organic to the aqueous phase
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can be obtained, provided that the hydrogenation reaction is carried out
in an organic hydrophobic solvent, therefore toluene/ethanol (5%) and pure
chloroform have been tested.

Despite that high polarization observed in methanol, being this solvent
completely mixable with water, the aqueous solution of hyperpolarized pyruvate
obtained by using methanol as hydrogenation solvent cannot be applied for
biological studies. Analogously, special attention has to be devoted when the
addition of ethanol to the organic phase is pursued to increase the efficiency
of hydrogenation and hyperpolarization, as one has to keep in mind that high
percentages of ethanol in the aqueous solution may not be compatible with the
intended biological applications and in-vivo studies.

Hydrolysis of the ester is carried out by injecting an aliquot of a heated
base solution in the NMR tube that contains the organic solution of the
hydrogenation product. This step is followed, after few seconds (7-8 s), by
the addition of the acidic buffer solution in order to reach physiologically
acceptable pH values. The aqueous phase is withdrawn into a syringe and
transferred into another sample tube for the acquisition of the NMR spectrum.
All these passages, from the hydrolysis of the ester to the acquisition of the
NMR spectrum, take a few tens of seconds (32-34 s). Due to the ongoing
relaxation processes, the measured hyperpolarization level of the Pyruvate 13C
carboxylate signals resulted to be 4.1 £+ 0.3% when the hydrogenation solvent
was the toluene-hg/ethanol mixture and 2.7 4+ 0.6 % in the case of chloroform,
respectively.

TH-NMR spectra of the aqueous solutions were acquired to determine
the concentration of all the chemical species present in the solution of
the hyperpolarized substrate (Fig. S4, S5). Previously reported cellular
studies”” have shown that a toxicity effect associated to the presence of

the organic solvent (chloroform) is evident when cells are incubated for
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12-24 h in the aqueous solution of the products obtained by applying
the hydrogenation/hydrolysis/phase extraction procedure above described.
Impurities derived from the hydrogenation reaction (allyl-alcohol, ethanol) do
not have any effect on cells viability.

The final concentrations of chloroform and toluene, in the aqueous
solution of pyruvate, are 30+ 2 mM and 1542 mM, respectively. These
values are higher than those recommended by the Environmental Protection
Agencies for water quality criteria® (0.59 mM for chloroform and 10 mM
for toluene), therefore a purification step must be added in order to reduce
as much as possible. To do that, filtration of the aqueous solution using a
lipophilic resin was applied as the final step, at the end of the hyperpolarization
procedure. Tenax@®) TA""""is a common porous organic polymer used for the
absorption of volatile organic compounds. The use of a PEEK filter to retain the
resin allowed to avoid hyperpolarization losses during filtration, whereas it was
observed that, if stainless steel filters are used, the hyperpolarization loss during
filtration is significant (Fig. S6). Filtration through the lipophilic resin allowed
to completely remove toluene from the aqueous phase, while the chloroform
concentration (0.5 £0.1 mM) resulted lower than the value recommended by
the water quality agencies.

Unfortunately, the filtration step caused a decrease in the '3C
polarization level that resulted to be 3.4 £+ 0.6 % in the case of the
toluene/ethanol (5% ethanol) solution was used and 2.2 + 0.3 for chloroform
as hydrogenation solvent, respectively. The decrease of the hyperpolarization
level appears mainly due to the longer work-up of the solution. The filtration
passage takes 18-20 seconds, therefore the time delay from the hydrolysis
to the acquisition of the hyperpolarized spectrum becomes 50-52s. It can
be reasonably expected that these polarization losses could be significantly

reduced if an automatized procedure would be applied. Nevertheless, the
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13C hyperpolarization obtained in the case of hydrogenation in chloroform is

still sufficient for in-vivo metabolic investigations, as reported in the following

sections.
[Pyruvate] [allyl-alcohol] EtOH Solvent Solvent
(filtration)

Toluene/

EtOH 50 £ 5 45 + 5 mM 210 £+ 15+3 n.d.
mM 50 mM mM

CDCl3; 30+£5 8§ £ 1mM - 30£2 05=£0.1
mM mM mM

Table 4.2: Concentration of the different chemical species in the aqueous phase

4.3.4 MRI studies

In order to validate the applicability of the solution of HP-pyruvate to
MRI studies, a few preliminary MR imaging investigations have been carried
out. The aqueous solution of HP pyruvate obtained after hydrogenation
in chloroform, phase-extraction and filtration through the Tenax resin was
initially injected into a phantom consisting of three test-tubes: one containing a
concentrated solution of thermally polarized '3C-succinate and two containing
water (Fig. 4.6a). After the injection of the hyperpolarized solution of
[1-13C]pyruvate, a *C-RARE image was acquired. The concentration of HP
sodium pyruvate was 30 £ 6 mM (Fig. 4.6b) and the SNR was comparable to
that observed on the thermally polarized 1.5M [1,4-2!3C]succinate (1.5 M, 256
scans) (Fig. 4.6¢)
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a b ¢

IH-RARE, RARE factor 32,1 | P*C-RARE BC-RARE (32x32)

scan HP-[1-33C]pyruvate [1,4-2'3CJsuccinate, thermal
A) [1,4-28CJsuccinate 1.5 | 1 scan, [pyr]=30 + 6mM polarization

M BeHP 2.5+0.3 % 256 scans, [succinate] = 1.5M
B) H20 (1ml)

C) H20 + HP Pyruvate

Figure 4.6: MRI images of the phantom

4.4 CONCLUSIONS

The hyperpolarization level on the parahydrogenation products depends
strongly on the solvent used. This is due not only to the solubility of hydrogen
in a given solvent, but also to the binding interaction of the solvent molecules
to the hydrogenation catalyst. Coordinating solvents such as acetone, methanol
and ethanol can lead to high efficiency, in terms of hydrogenation speed and
polarization level. The higher polarization level obtained in coordinating
solvents can be explained considering that the displacement of the product
molecule from the metal center is faster, thus limiting the singlet /triplet mixing
on intermediates.

Reactions that were carried out using variable concentrations of ethanol
in chloroform or toluene have clearly shown the dependence of the '3C

polarization level and of the hydrogenation efficiency on the relative amount of
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the co-solvent. However, high percentages of the co-solvent are not compatible
with biological applications, and have to be avoided in the preparation of
samples for in-vivo studies.

In order to allow the phase-extraction of hyperpolarized pyruvate,
chloroform and toluene/ethanol (5% v/v) have been used. In these solvents, *C
hyperpolarization on the allyl-ester are 5.2 4+ 0.6% and 8.4 4= 0.6% respectively.
After hydrolysis and phase extraction of sodium [1-'3C]pyruvate, the !3C
polarization is 2.7 &+ 0.6% when hydrogenation is carried out in chloroform and
4.1 £+ 0.3% when the toluene/ethanol mixture is used. Although the solubility of
these organic solvents in water is low, their concentration in the aqueous solution
is unneglectable. Filtration of the aqueous solution of the hyperpolarized
product through a lipophilic resin (Tenax@®) TA) led to the complete removal
of the organic solvents, still remaining a good hyperpolarization level almost

unaffected, still sufficient for 13C MRI studies.
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CHAPTER 5

PHIP POLARIZED
1-13C]JPYRUVATE FOR ZERO
AND ULTRA-LOW FIELD
(ZULF) NMR DETECTION
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5. PHIP POLARIZED [1-3C]PYRUVATE FOR ZERO AND
ULTRA-LOW FIELD (ZULF) NMR DETECTION

Due to features such as low cost and portability, ZULF NMR has recently
gained considerable attention in the fields of chemistry, biology, medicine
and fundamental physics tests. This chapter describes the basic principles,
methodology and recent experimental and theoretical developments of ZULF
NMR, as well as its application in spectroscopy. The future perspectives of

ZULF NMR are also discussed.

5.1 INTRODUCTION

Conventional NMR makes use of high magnetic field that is necessary
to polarize the nuclear spin, to resolve the chemical shift of different chemical
species and to enable inductive detection of MR signals.

NMR and MRI are widely used for studying the structure of chemical
compounds and for diagnostics. The main drawbacks of MR based methods
(NMR and MRI) are given by the high cost of superconducting magnets, that
are bulky and non-portabe.

The use of ultralow magnetic field (or even zero field) reduces
dramatically the size and the cost of the MR machine. Other advantages of
Ultralow-field (ULF) nuclear magnetic resonance are the detection of MR signals
in metal containers, that cannot be used for conventional NMR, and the high
field homogeneity yielding narrow resonance lines and better determination of
scalar and dipolar couplings

Nevertheless, at zero field the chemical information given by the chemical
shift is lost and the nuclear spin polarization is more than 10 times lower than
that obtained using conventional high field NMR.

At zero-field, the information about the molecular structure can be
derived from spin-spin interactions (i.e. scalar, dipolar and quadrupolar

coulings). An external source of polarization is required, in order to obtain
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a detectable nuclear magnetization of the sample. This is usually achieved
by means of pre-polarization of the sample in an external magnetic field (1T
or higher). Hyperpolarization techniques®"*”"*”7 are also an ideal partner
for ZULF magnetic resonance because the intensity of the MR signal is not
dependent on the magnetic field strength.

In this chapter, hyperpolarized substrates obtained by means of PHIP
will be applied for ZULF NMR detection.

5.2 Components of a ZULF NMR spectrometer

In ZULF NMR, the geomagnetic field and other environmantal magnetic
fields have to be shielded in order to reach a few nTs in the detection region.
This can be obtained by means of passive shielding using a magnetic shielding
material (permalloy or p-metal) or actively using compensating magnetic fields
applied by means of an electric current circulating in conductive coils.

Magnetization of the sample is usually obtained using a pre-polarizing
magnet placed close to the detector, that allows to increase the thermal
polarization of the sample.

The signal is then measured by an atomic magnetometer, which is a
highly sensitive device for detecting the magnetic fields generated by the spins
of the nuclei in the sample. These devices are made of a glass cell with filled
alkali vapour ( 87Rb).

The different parts of the ZULF NMR spectrometer are described at Fig.
5.1.
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Prepolarizing magnet
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Figure 5.1: Different components of the ZULF-NMR spectrometer (black text)
and possible noise sources / sources of “shimming” (green text), adapted from””,

current figure used from the web-page’”.

5.2.1 Optically Pumped Magnetometer (OPM)

Atomic magnetometers are built on the basis of obtaining the absorption
or emission of energy by vapors formed from one of the alkali metals, due to
its irradiation with a laser of a precisely defined frequency, which changes the
quantum state of the sample. The laser emits electromagnetic waves, creating
a magnetically sensitive state in alkali metal vapors (alkali metals such as
rubidium and cesium have only one electron at the outer level, which is largely
distant from the nucleus. It is this electron that changes its state). Thus,
passing to the vapour of polarized light. This sensitive change in the state of

atoms is called optical pumping. Once the optical pumping state is established,
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the light source no longer transmits polarized light into the vapour. Instead,
polarized light passes through the vapor and is detected by the photodiode as a
change in voltage (Fig. 5.2). If, however, a sample with its own magnetic field is
introduced into this system, then this state will be violated and restoration will
again be required by a laser that transmits polarized light into the vapor, and
thus changes depending on the magnetic field of the sample will be recorded on
the photodiode. More sophisticated optical magnetometers use two lasers, one
of which calls pump beam ( can be circularly polarised depending of the alcali
metal at the vapor cell) and induce the magnetically sensitive state emits light
of a certain length, another lazer - probe beam (typically is linearly polarised)

- is using for measuring the changes in the magnetic field.

e

. * Detector
%eaﬁ\ I \\

Probe Beam

Puy

Figure 5.2: General scheme of an optical atomic magnetometer.

5.2.2 Sample prepolarization.

The most common pre-polarization method used in ZULF NMR makes
use of a powerful Halbach magnet (* 2 T, Fig. 5.1). The sample is polarized
into the high field and then mechanically transported to the shielded region

for detection. This procedure is repeated many times in order to increase the
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signal-to-noise ratio. To maintain polarization during the transport from the
pre-polarizing magnet to the zero-field detector, a guide field is often used,
generated by a solenoid coil around the shuttle path. A limitation of this
technique is the transfer time (about 0.5 s), but for most compounds studied by
ZULF NMR, the transfer time is much faster than the spin decoherence time.
Therefore, only a small part of the polarization is lost during transportation.

An alternative way to polarize nuclei for ZULF detection has been
reported recently . This method relies on the application of an electromagnetic
field around the sample, placed inside the mu-metal shield, close to the optical
detector. This method is convenient for samples characterized by relaxation
rates faster than the transfer rate from the pre-polarization to detection region
because, using this setup, the sample remains next to the atomic vapour cell
used for the detection.

In both cases, a sufficient degree of thermal polarization is achieved,
which allows to obtain a ZULF NMR spectrum.

The higher the degree of pre-polarization, the greater the intensity of
the received signal, which will improve the ratio of signal to noise. Thermal
polarization in a 2 T magnetic field gives a polarization of only ~ 9 ppm.

Hyperpolarization is an alternative method to increase the magnetization.

5.2.3 Signal detection.

In high field NMR, the Larmor frequency of the detected signals is in the
order of hundreds of MHz, but, under ZULF conditions, nuclear spins precession
is in the range betweeen a few Hz to kHz. In this frequency region the inductive
detection, based on Faraday induction law, offers poor sensitivity and other
magnetometric methods must be used.

Three different methods, suitable for the detection of MR signals at
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ZULF, can be used: optically-pumped magnetometers (OPM), superconducting
quantum interference devices (SQUID) and devices using nitrogen vacancy
centers (NV) in diamond. SQUID can measure magnetic fields with a sensitivity
greater than 1 fT averaged over one second, but they typically operate at liquid
helium temperatures.

Negatively charged nitrogen-vacancy (NV-) color centers in a diamond
allows highly-sensitive detections of magnetic field, potentially providing an
order of femtotesla magnetic detection. The electron spin of NV~ in solid-state
material can be controlled at room temperature under an ambient magnetic
field (for example, a geomagnetic field of approximately 50 pT). A single NV
center in a nano-diamond enables the detection of the phenomena in the order
of the nanometer scale, such as the magnetic field generated by a cell

Atomic magnetometers (OPM), offering sensitivity similar to SQUIDs,
work best between room temperature and elevated temperature (up to 200°C),
have low power consumption (requiring power only to heat up a small cell
and supply a low-power laser) and can be miniaturized,”’® and therefore their
application is ZULF NMR is more convenient. Most optical magnetometers use
alkali metal atoms (Rb, Cs, K) placed in glass cell. The cell is heated, as a result
of which the rubidium atoms pass into a gaseous state. When the laser beam
passes through the cell vapour of the alkali metal, pumping occurs, which is close
to the absorption line of the atomic medium. Such a beam transfers angular
momentum between photons and rubidium vapour atoms, so that the atomic
spins enter a highly polarized state. The polarized atoms are now very sensitive
to their external field and their spins will precess at a frequency proportional
to the field strength. This altered state of polarized rubidium atoms can be
measured with another laser, the ”"probe” beam, and the rotation or absorption
of light from the probe beam, sensitive to the field experienced by the alkali

metal atom, can be observed (Figure5.2. shows the individual light sources
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for pumping and probing with orthogonal light rays). The magnitude of that
change is a sensitive and accurate measure of magnetic field strength. In this
way we can obtain ZULF spectra

Nowadays, OPM are commercial, for example the QuSpin zero field
magnetometer (QZFM) from QSpin Inc.,”” which is based on the change in
atomic absorption at resonance in the zero field. These sensors have found
application in many fields of science and have been used in recent studies in the

detection of ZULF.

5.3 Magnetic Resonance signals at zero-field.

To be able to interpret the NMR spectra at zero magnetic field we can
consider a spin system formed by two nuclei, namely A (e.g. 'H) and X (i.e.

13C). The nuclear spin Hamiltonian in isotropic media, in a magnetic field B is:

HZQﬂ'hJAXIAIX—ﬁB(’}/AIA—I—’)/Xj)(), (5.1)

where Jax is the scalar coupling between the two spins (J-coupling Hamiltonian)
while the second part of the equation is the Zeeman Hamiltonian. In the absence
of an external magnetic field B, the Hamiltonian reduces to the J-coupling. The
four eigenstates of the J-coupling Hamiltonian, for two spins % , are given by
singlet-triplet states S, To and T, ,.. For the two states T, and T_, the the
energy level is +1/2J and for the state TO the energy is -1/2J, therefore the
gap between the states is equal to J. Therefore, the NMR spectrum shows one
line at frequency Jax.Figure 5.1.3a shows the zero-field spectrum of '3C-formic
acid, a heteronuclear two-spin system (the acidic proton can be neglected due to
rapid chemical exchange). At zero magnetic field there is one observed nuclear
spin transition, which occurs at 222 Hz, that corresponds to the value of the

1Jcu scalar coupling.
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More in general, in the absence of an applied magnetic field, the
eigenstates of the Hamiltonian of a system 2CHy are eigenstates of f2 and

f. where f is the total angular momentum
F=>4; (5.2)
In zero field, the energy levels are given by:
E(f,k)=J/2[f(f+1) —k(k+1)—s(s+1)] (5.3)

Where k are the possible quantum numbers of the operator k describing

the sum of equivalent proton spins and s is the spin of 3C (1/2).

In the AX, system we have a single line at 3Jxa /2.
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Figure 5.3: ZULF NMR spectrum of a) formic acid; b) 2-13C acetonitrile and

[13C9,'®N] -acetonitrile, picture is used from the article.'"’

The zero-field spectrum of 2-!3C-acetonitrile, an AX3 spin system, shows

two peaks at 'Joy and 2'Jcy. Being 'Jop ~ 141 Hz, the two peaks are cenl4l
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and 282 Hz, respectively.

The spectrum of [*Cy,'5N] -acetonitrile, a five-spins system is shown in
Fig. 5.3(c). This system is more complicated and gives more peaks spread in
the spectral range 0-300 Hz. Below the experimental spectrum, a simulated
spectrum is shown to determine which peaks correspond to NMR signals and
which peaks correspond to ambient / electron noise. Further analysis of the

spectrum in terms of nuclear spin energy levels is given in

5.4 Materials and Methods

All high-field NMR experiments (unless otherwise stated) were performed
in a 1.4T 'H-13C dual resonance SpinSolve NMR, system (Magritek, Aachen,
Germany).

Parahydrogen at >95% enrichment was generated by passing hydrogen
gas (>99.999% purity) over a hydrated iron oxide catalyst in a cryostat
operating at 30 K (Advanced Research Systems, Macungie, U.S.A.).

For magnetic field sweeps for polarization transfer, an MS-2 four-layer
mu-metal magnetic shield (Twinleaf LLC, Princeton, U.S.A.) was used to
provide a 10* shielding factor against external magnetic fields. No static shim
fields were required, since the residual field within the shield was on the order
of 5nT. The time-dependent applied magnetic field was generated using the
built-in B, shim coil, with current supplied with an NI-9263 analog output
card (National Instruments, Aachen, Germany) with 10 ps time precision. The
guiding magnetic field for sample transport in and out of the magnetic shield
was provided with a handmade solenoid, with current supplied with a Keysight

U8001A current source (Keysight Technologies, Béblingen, Germany).
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5.4.1 ZULF NMR of Propargyl-acetate and

[1-13C]propargyl-lactate.

The parahydrogenation reactions of propargyl-acetate (Fig. 5.5) and
of propargyl [1-'*Cllactate Fig. 5.6 have been carried out by bubbling 5
bar para-hydrogen into a sample formed by 250 mM of the starting material
(propargyl-acetate) and 13.8 mM of the Rh(I) catalyst (Rh(cod)dppb) in
chloroform. The reaction was carried out at 60°C for 5 s, directly in the ZULF
apparatus.

The ZULF setup used for the experiments is reported in figure 5.1 and
two kinds of experiments ( Fig. 5.4) have been carried out. In the first one,
the parahydrogenation reaction has been carried out at zero field, then, a short
”detection” pulse (50 us, 1000 pT) has been applied, before the detection at zero
field. In the second series of experiments, a magnetic field cycle, analogous to
that applied for the spin order transfer from parahydrogen protons to 2C,
has been applied, before the zero-field detection. In this second case, the
reaction has been done at 1 pT, then the magnetic field has been instantaneously
(non-adiabatically) dropped to 50 nT and then exponentially increased again
to 1 uT. In the end, the field has been switched off completely for the zero-field
detection (Fig. 5.4).

B, Field / uT | B, Field / uT ,

i 50 us pH2
~1000 4 19
4s
0.05 1
pH2 Detect Detect
0 > 04 >
Time Time

Figure 5.4: Magnetic field applied in two types of experiments performed;
“pulse-acquire” (left) and “field cycle” (right).
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5.4.2 ZULF NMR of [1-'3C]pyruvate and [1-'3C]lactate.

The precursor solution for all pyruvate experiments was 400 mM
propargyl pyruvate and 20mM rhodium catalyst [Rh(dppb)(COD)|BF, in a
solvent of 95:5 (v/v) CDCls:ethanol-dg, which was prepared by dissolving
the catalyst in the solvent, and adding the propargyl pyruvate immediately
(tens of seconds) before each experiment. The propargyl pyruvate precursor
was synthesized in-house, and all other chemicals were purchased from Sigma
Aldrich.

For pyruvate hydrogenation experiments, a 250 uL, aliquot of precursor
sample was loaded into a 5mm low pressure/vacuum NMR tube via syringe
injection and the tube was pressurized to 7bar pHy pressure. The sample was
heated to 120°C with a heatgun, and then the tube was vigorously shaken
for 4s while under pressure. After shaking, the whole NMR tube was placed
in the magnetic shield for a 4s magnetic field sweep. After the field sweep,
the solution was ejected from the NMR tube using a valve at the top and the
internal gas pressure to push the solution through a 1/16in PTFE capillary
into a 10mm NMR tube containing 300 uL. 400mM NaOH at 80°C for the
hydrolysis. The resulting mixture was allowed to settle for 2s and the aqueous
layer was extracted through a 1/16in PTFE capillary into a syringe containing
300 L. acidified 500 mM phosphate buffer solution to neutralize the pyruvate
solution at pH 7.

For the zero- and low-field experiments, this solution was injected into
a bmm NMR tube, and this was dropped into the zero-field spectrometer for
signal acquisition.

For the experiments to observe conversion to lactate, the syringe used
to extract the aqueous phase from the 10 mm NMR tube contained 200 puL of

acidified phosphate buffer solution, such that, after mixing, the solution ended
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at pH7. Another 100 uL. of phosphate buffer solution contained 50 mg NADH
and 25 uL lactate dehydrogenase (Sigma Aldrich, L7525), and this solution was
held in the 5 mm NMR tube. The pyruvate solution was injected into the 5 mm
NMR tube and mixed with the enzyme solution by vigorous shaking for 5s,
before being dropped into the zero-field spectrometer for signal acquisition.

A modified experimental procedure from the established protocol
reported in Ref. was adopted to increase the volume of the solution and
maximize pyruvate concentration (and hence signal) for this proof-of-concept
demonstration. For in vivo/in vitro studies, a protocol has to be established
in order to attain a biologically compatible solution of the substrate at high

concentration.

5.4.3 Ultralow field relaxation of [1-'3C]-pyruvate AND
[1-13C]-lactate

A solution of approximately 250mM of the propargyl ester
(propargyl-[1-13C]lactate or propargyl-[1-'*C]pyruvate) and 13.8mM of the
catalyst [Rh(cod)dppb|[BF4] in 100puL of 95:5 (v/v) CDCls:ethanol, was
loaded into pressurizable NMR sample tubes, and these were pressurized with
parahydrogen gas (86% enriched, to a pressure of 2bar at liquid nitrogen
temperature). The tubes were kept frozen (77K) to prevent any chemical
reaction, until the start of the hyperpolarization experiment. To initiate the
hydrogenation reaction, the NMR tube was heated in a hot water bath at 80°C
for 7s, shaken vigorously for 3s, then opened to release the parahydrogen
pressure. The tube was then placed in a mu-metal shield (Bartington
TLMS-C200) equipped with a coaxial solenoid, through which a magnetic
field cycle (MFC) was applied, to obtain the spin-order transfer from the
parahydrogen protons to '3C. The magnetic field profile applied in all the
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experiments consists of a diabatic passage from 1.5 4T (initial magnetic field)
to 50nT, and then up to 10 uT in 4s with an exponential profile.

To hydrolyse the 3C-polarized ester (allyl-[1-13C]-pyruvate/lactate) a
hot 260 uL solution of 230 mM NaOH and 50 mM ascorbate was injected with
1.5bar argon pressure. Hydrolysis of the ester occured in a few seconds and
the aqueous phase containing the hydrolysed pyruvate/lactate was extracted,
whereas the catalyst was retained in the organic phase. An acidic buffer
(135mM HEPES + 60mM HCIl) was added to the aqueous phase to obtain
a neutral pH (7.4).

To investigate the effect of the external magnetic field on the relaxation
of [1-13CJlactate and [1-'3C]pyruvate, the hyperpolarized solutions were held
at different magnetic fields (1, 2, 4, 8, and 36 uT) for 5s before acquisition
of the C NMR spectrum at high field using a 14.1 T NMR Bruker Avance
spectrometer. The magnetic fields were generated in the p-metal shield by
controlling the current through the solenoid coil, except 36 4T which was
the laboratory magnetic field. FEach measurement was performed using a

freshly-prepared hyperpolarized sample.

5.5 ZULF NMR of parahydrogen
hyperpolarized substrates

Despite their sensitivity at ULF, OPMs are 2-3 orders of magnitude less
sensitive than inductive detection at ca. 7 T. The lower sensitivity of ZULF
NMR has so far generally precluded applications of ZULF NMR, particularly
for biomedical applications given the intrinsically low concentrations of
biomolecules in biological systems. For these purposes, the application of

hyperpolarization substrates is an ideal tool to circumvent the low sensitivity
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issue. The feasibility of the ZULF detection of PHIP polarized signals
has been tested, in the first subsection, on two molecules derived from
hydrogenative-PHIP. In particular, the unsaturated propargyl derivatives of
acetate and lactate have been used for the parahydrogenation reaction.

In the second subsection, the PHIP-SAH method has been applied to
obtain hyperpolarized pyruvate that has been used for ZULF detection. In order
to demonstrate that metabolic transformations can be observed with zero-field
NMR, the conversion of pyruvate into lactate, has been observed in vitro, using

an aqueous solution of the enzyme LDH (lactate dehydrogenase).

5.5.1 ZULF NMR of Propargyl-acetate and
[1-13C]propargyl-lactate.

Hyperpolarized signals were observed, as reported in Fig. 5.9, only in the
first kind of experiments. They are related to the allyl-alcohol moiety of the
ester (Fig. 5.5 and Fig. 5.6.). The hyperpolarized peaks at "230Hz are related
to the -CHy group (two geminal protons) while the signal at “160Hz is due to
the olefinic -CH group (Fig. 5.7).

Y
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Figure 5.5: Hydrgenation reaction of propargyl-acetate by PHIP method.
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Figure 5.7: ZULF NMR spectrum of 250 mM allyl-acetate formed via reaction
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Figure 5.6: hydrogenation reaction of the propargyl-lactate.
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with parahydrogen. A noise-spectrum is shown above in blue.

observed, that may be due to the smaller J-couplings (2Jcy and 3Jcp couplings)

In the low-frequency region (0-25 Hz) other enhanced peaks can be

in the allyl moiety.

frequencies (7160 and “250 Hz), related to the allyl protons, are not observed,
neither using the acetate (Fig. 5.8) not the [1-13C]lactate (Fig. 5.9.) derivative,

while the signals at lower frequency (0-15 Hz) are only vaguely detectable, due

Using the second kind of experiment, the hyperpolarized signals at higher

to the high noise level in this spectral region.
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Figure 5.8: ZULF NMR spectrum of 250 mM allyl acetate formed via reaction
with para-hydrogen, after performing a magnetic field cycle experiment. A

notse-spectrum is shown above each, in blue.

B)

L

Freguency (Hzh Frequency (Hz)

Figure 5.9: ZULF NMR spectrum of 250 mM allyl-lactate formed via reaction

with para-hydrogen, after performing a magnetic field cycle experiment.
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5.5.2 ZULF NMR of [1-'3C]pyruvate and [1-'3C]lactate.

After the experiments on hyperpolarized esters carried out at zero-field,
the detection of MR signals of hyperpolarized metabolites (pyruvate and lactate)
obtained by means of PHIP-SAH (chapter 2) has been carried out at ULF.

As observed in the experiments carried out using the PHIP polarized
esters (allyl-acetate and allyl-lactate), the detection of signals in the lowest
frequency region (0-15Hz) is often precluded by the high noise level.

In order to solve this problem and to increase the sensitivity of the OPM
in the lowest frequency range, the ZULF NMR setup has been modified', as
reported in Fig. 5.10a. In this setup, the sample is placed in a magnetic shield
and measured using two optically pumped magnetometers "". A set of three
orthogonal Helmholtz coils was present inside the shield to generate magnetic
fields for control of the spin states and their dynamics. Furthermore, the sample
was located within a long solenoid coil that pierced through the magnetic shield
along the y axis, allowing for a magnetic field to be applied to the sample without
significantly affecting the magnetometers'’®. The staggered arrangements of
the magnetometers was chosen to reduce the common noise while maximizing
the signal from the sample. As illustrated in figure 5.10b, the magnetic filed
produced by the nuclear spins in the sample has opposite sign at the location
of the two sensors. In contrast, many noise sources which are centered further
from the detectors produce magnetic field that are more homogeneous at the
position of the OPMs. By measuring the difference in the outputs from the two
sensors, signals are combined constructively and noise is cancelled. Because
the sensors have two sensitive axes, it was possible to independently measure
magnetic fields corresponding to magnetization along = and z.

A set of three orthogonal Helmholtz coils are also present in the magnetic

Imodification of the setup were done by people from the Dima Budker’s group
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field shield to generate magnetic fields for control of the spin state and dynamics.
Furthermore, the sample is located within a long solenoid that pierces through
the magnetic shield along the y axis, allowing for a magnetic field to be applied

to the sample without significantly affecting the magnetometers.
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Figure 5.10: Measurement of hyperpolarized metabolites. (a) Render of the
experimental arrangement. (b) magnetic field of the sample (black arrow) and
magnetic field detected by the detector along z (dark green) and along x (light
green; (c) sequences used for the ULF experiments on hyperpolarized samples.
(e) Zero-field signal in the x- and z-axes of the QuSpins generated from a sample
of 12C polarized metabolites. (h) Low-field time signal in the x- and z-aves of

the QuSpins generated from a sample of 1°C polarized [1-% Clpyruvate (lactate)
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In this part of the work, NMR experiments were performed in two
field regimes: zero to ultralow field (ZULF), defined as the regime where the
nuclear Larmor frequencies are small compared to the electron-mediated indirect
spin-spin (J) coupling, and very low field (VLF), where the nuclear Larmor
frequencies are larger than the J coupling, but chemical shifts are smaller
than the resonance width. The experimental sequence for the ZULF NMR
experiments is shown in Fig. 5.10c. The magnetization is rotated from its initial
projection along the y axis to the z axis, after which the applied magnetic fields
are suddenly turned off, resulting in the magnetic signal shown in Fig. 5.10e.
Low-field NMR experiments can be performed by leaving the piercing solenoid
on during signal acquisition. As depicted in Fig.5.10d, the magnetization is
kept along the y axis by a 20 T field for sample injection, after which the field
is reduced to a 3.8 uT detection field and the magnetization is rotated to the
xz-axis by a DC pulse along z, which results in the precessing magnetic signal

shown in Fig. 5.10h.

5.5.3 Parahydrogen polarized Pyruvate detection at
ZULF

2

An aqueous solution of hyperpolarized [1-13C]pyruvate has been obtained
according to the PHIP-SAH method.

The zero-field NMR, spectrum of hyperpolarized [1-*C]pyruvate (XAs
spin system (one '*C and three methyl protons), which exhibits peaks at Jax
and 2Jax, where Jax is approximately 1.4 Hz, as can be observed in Figure

5.11.a.

2ZULF measurements were done by James Eills and Roméan Picazo Frutos as due to the

COVID restrictions were not possible to visit physically their lab for in-person collaboration
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At VLF (i.e. at 3.81nT), the pseudo-high field condition is reached and
the spectrum of the hyperpolarized '3C carboxylate spin is a quartet. The small
peak in the middle is presumed to be para-pyruvate, in which the J-coupling

between the 3C carboxylate and the protons is not observed.
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Figure 5.11: a) NMR signal of the [1-1°CJpyruvate at the "zero” field; b) NMR
signal of the [1-1°Clpyruvate at the VLF.

In order to observed the conversion of pyruvate into lactate using
ZULF-NMR, the aqueous solution of HP pyruvate was mixed with a buffered
solution of NADH and lactate dehydrogenase (Sigma Aldrich, 1.7525), in a 5mm
NMR tube. After mixing the enzyme solution with the HP metabolite, the NMR,
tube was dropped into the zero-field spectrometer for signal acquisition.

The zero field spectrum (Figure 5.12.a) of the pyruvate-to-lactate
metabolic transformation shows the hyperpolarized signals of [1-13C]pyruvate
and [1-13CJlactate. The peaks of each metabolite can be clearly identified form
comparison with the simulated spectra, shown below in pink and teal.

The pyruvate-to-lactate conversion has also been observed at ULF
(3.8uT) NMR, where the 8-peak multiplet corresponding to lactate can be
resolved in addition to the pyruvate 1:3:3:1 quartet (Fig. 5.12b) due to the

13C coupling to the three protons. A small line can be observed at 41 Hz,
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which corresponds to a small [1-13C]parapyruvate impurity.

The production

of lactate can also be seen at low field; a multiplet corresponding to lactate can

be resolved in addition to the pyruvate quartet
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Figure 5.12: The
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conversion
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of pyruvate to lactate.
Zero-field NMR  spectra  of
the (c)
Pseudo-high-field NMR spectra
For

reaction  solution.

of the reaction solution.
the pyruvate spectra the signal
of hyperpolarized pyruvate was
acquired directly. For the spectra
that show lactate signals, lactate
and an

dehydrogenase
of NADH was added to the

ETrCeSS

hyperpolarized pyruvate solution
prior to detection. All spectra
are shown with 250 mHz line
broadening. Simulations are
shown beneath the spectra in pink
and teal for pyruvate and lactate,
respectively. The simulated
spectra are vertically scaled to

match the real spectra

As can be observed from the spectrum, the lactate peaks are significantly
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less intense than the pyruvate peaks, at ULF (3.8 uT), despite lactate is more
concentrated than pyruvate, as observed in separated experiments carried out
in the same conditions. This could be due to faster relaxation of lactate at this
magnetic field. In order to validate this hypothesis, the hyperpolarization decay
rate of [1-!3CJlactate and [1-1*C]pyruvate have been investigated at different
ultra-low magnetic fields. To carry out these measurements, HP [1-13C]lactate
and [1-13C]pyruvate have been kept, for 5 seconds, in a defined ULF that has
been set into the magnetic shield. The experimental procedure is schematized in
Fig. 5.13a. The '3C hyperpolarization of the carboxylate signal, after storage
at ULF, has been normalized to that observed after storage at geomagnetic
field at the same time and the result can be seen in the figure 5.13b. From the
hyperpolarization decay observed at different ultra-low field, it results that the
intensity of the '3C signal of pyruvate is not affected by the storage at ULF,
while the relaxation of the *C carboxylate signal of lactate is significantly
faster, apparently peaking around 2 puT.

The observed behaviour may be due to the scalar relaxation of the
13C carboxylate spin that experiences a time-dependent J-coupling with the
hydroxylic proton on lactate. This relaxation effect, (named Scalar Relaxation
1st kind, SR1K) is related to the exchange rate (k) of proton from OH™ group
(350/s'"". When the '3*C Larmor frequency corresponds to this exchange
frequency, the relaxation rate is maximum. This hypothesis very well correlates
with results obtained in LATEST MRI experiments, where we can see the
highest intensity peak at 2 pT that is the same we’ve got in our measurements

of relaxation for lactate (Fig. 5.13c).
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5.6 CONCLUSIONS

In this work it has been demonstrated that ParaHydrogen Polarized
metabolites can be detected using ZULF NMR. The conversion of HP-pyruvate
into lactate, catalyzed by the LDH enzyme, can be detected at zero and
ultra-low field using a staggered arrangements of two optical magnetometers.
This arrangement allows to reduce the noise in the lowest frequency region,
making visible the HP signals derived from small J-couplings. The investigation
of MR signals in the ZULF regime, thanks to the application of HP molecules,
opens up a new field of investigations, since conventional NMR has been carried
out, so far, using high magnetic field. The economic advantages given by the
combined use of PHIP based hyperpolarization and ZULF are also evident.
However, further research on OPM and PHIP polarization is still needed
before that ZULF NMR could be used for metabolic investigations in biological
systems. Nevertheless the herein reported studies are only the starting point
for these new, promising field of research. As a possible future for this study
we can imagine study of the metabolism in cells that gives promising future for
cancer study and other types of research. The first fairly portable low-field MRI
(Hyperfine) already exists, a first step in the development of low-field tools
for clinical use. The results obtained in recent years provide the potential to
combine two financially and instrumentally accessible methods, such as PHIP
and ZULF, in the future. The combination of these methods and possibly the
construction of fully automated installations will allow them to be used both
in conventional chemical laboratories and in laboratories where in-vitro and

in-vivo experiments are carried out.
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CONCLUSIONS

The work carried out during this PhD has been focused on the
development and application of PHIP-SAH polarized substrates (and, in
particular, of pyruvate) for metabolic investigations at high and ZULF magnetic
field (results of what were shown at the chapter 5). In order to allow the
application of these HP molecules for biological investigations, it is necessary
that a high concentration of these substrates is obtained, together with
hyperpolarization on 3C (at least) sufficient to carry out MRI studies in-vivo
or MRS in-cells. The first part of the work allowed to identify the main factors
that determine the hyperpolarization level on the heteronucleus. On the basis
of the results obtained, it clearly resulted that the method used for the transfer
of spin order, from parahydrogen to the heteroatom, has to be improved. In
fact the hyperpolarization on 3C is only about 4.7 % while that observed on
protons is ~ 20 %, in the allyl-pyruvate derivative. The 'H hyperpolarization
depends on the efficiency of the hydrogenation reaction, because mixing between

the singlet and the triplet states occurs on reaction intermediates. About the
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effect of the hydrogenation efficiency on the hyperpolarization level, the work
carried out in chapter 4 showed that coordinating solvents, such as methanol
and toluene, allow to obtain higher polarization because these take part into the
hydrogenation catalysis. In particular, 13C polarization observed in methanol
was 9.2 %, taking the average between the two forms of pyruvate (oxo- and
acetalic form), and 8.4 % in a toluene/ethanol mixture (5 % ethanol was used).
Unfortunately, methanol cannot be used for biological applications. Conversely,
the use of toluene allows the application of the phase extraction method, in
which the hyperpolarized metabolite is extracted in the aqueous phase, while
the catalyst is retained in the organic solvent. Traces of the organic solvent are
present in the aqueous phase, following to phase extraction, that compromise
the biocompatibility of the aqueous solution of the HP product. It has been
demonstrated that these can be completely and quickly removed by means
of filtration through a small amount of a lipophilic resin. Most importantly,
the hyperpolarization level is not quite significantly affected by this passage
and 3C MRI and MRS experiments have been carried out in-vitro using the

hyperpolarized pyruvate thus obtained.
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Figure S1: Setup for hydrolysis: the base solution is loaded in tube A; Ar is
connected to E, while D is kept closed, and tube B is pressurized using argon
(1.5bar); valve D is closed. The setup is hold vertically and tube A is plunged in
a hot water bath. For the injection of the aqueous base into the organic solution
(hydrolysis step), the tip of tube A is placed a few mm above the organic solution
of the product, then valve D is opened
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Figure S2: Magnetic field profile used for magnetic field cycle.  The
measurement has been carried out by means of a three awis flurgate

magnetometer (Mag-03, Bartington, Witney, UK).
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Figure S3: Filtration column connected to the NMR tube
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qIT

§ 3P (ppm)
[Rh(cod)dppb] T BF,

Acetone-d6 24 ppm
Methanol-d4 24 ppm
Toluene 24 ppm
Toluene/Ethanol(5% v/v) 24 ppm
Ethanol-d6 24 ppm
CDCl3 24 ppm

CDCl3/Ethanol(5% v/v) 24 ppm

Jp—rn (Hz)
[Rh(cod)dppb] T BF,

144 Hz
144 Hz
145 Hz
144 Hz
144 Hz
144 Hz
144 Hz

§ *'P (ppm)
[Rh(S2)dppb] " BF4
S=Solvent

50 ppm

53 ppm

41 ppm

41 ppm

52 ppm

29 ppm; 46 ppm
29 ppm; 46 ppm

Jp—rn (Hz)
[Rh(S2)dppb]* BF4
S=Solvent

195 Hz

200 Hz

201 Hz

201 Hz

200 Hz

Table S1: 9" P-NMR signals of the catalyst in different solvents before activation ([Rh(cod)dppb]*™ BF,) and after

hydrogenation of the coordinated diene. In coordinating solvents, the complex ([Rh(S2)dppb]” BF, is formed and the

effect on the ' P-NMR signal can be observed clearly. Chloroform is non-coordinating and other species (dimers)

are formed.
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Figure S4: Black line: ' H-NMR of aqueous solutions of sodium/1-1% Clpyruvate
obtained after hydrolysis following to the hydrogenation carried out in the
toluene/ethanol  solution. Red line: 'H-NMR of aqueous solutions of
sodium/[1-1% Clpyruvate obtained after hydrolysis (as in the upper spectrum) and
filtration through the Tenaz column (see main text, Materials and methods

section, for the experimental details).
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Figure S5: Lower spectrum: 'H-NMR spectrum of the aqueous
solution of sodium [1-1°CJpyruvate obtained from hydrolysis of the ester
(propargyl[1-1% Clpyruvate) hydrogenated in chloroform-d. — Upper spectrum.:
TH-NMR spectrum of the aqueous solution of sodium [1-1° Clpyruvate obtained
from hydrolysis of the ester (as in the upper spectrum) and filtration through the
Tenaz resin (100 uL in a syringe, retained by a PEEK filter, as reported in the
main text, Materials and Methods).
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Figure S6: 1°C polarization on [1-1° Clpyruvate in the aqueous phase obtained
after phase extraction from toluene/ethanol (ethanol 5% wv/v). A) after
hydrolysis, without filtration; B) after hydrolysis and passage through a SS filter
(Idex Fluidics, Frit in Ferrule 1/16” PEEK Super Flangeless, SS Frit 2 ym);
C) as in B, with Tenazx resin; D) hydrolysis and passage through a PEEK filter
(Idex Fluidics, Frit in Ferrule 1/16” PEEK Super Flangeless, PEEK Frit2 ym);
E) as in D, with Tenax resin added
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1.1

1.2

LIST OF FIGURES

Schematic representation of thermal equilibrium (left) and
hyperpolarization in a system of isolated nuclear spins. At
thermal equilibrium the two states (« and [ states) are almost
equally populated, while, following to hyperpolarization, one state
is more populated than the other (in this case, the most stable
state is more populated that the less stable one). This leads to a
significant enhancement of the NMR signal. . . . . . . . . . ...
Xenon is polarized wusing Spin FExchange Optical Pumping
(SEOP). In SEOP, zenon flows into a chamber conlaining
rubidium gas vapor in the presence of a magnetic field. The
rubidium is excited by a laser. Xe colliding with the Rb results in
a spin exchange, whereby a greater proportion of Xe atoms are

in the lower energy spin state . . . . . . . ... L.
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1.3

1.4

1.5

1.6

2.1

2.2

Schema of the principle setup for d-DNP experiment. The DNP
apparatus (left) typically operates at comparable or slightly lower
magnetic fields than the NMR spectrometer used for detection

para-Hy  percentage at different temperatures (equilibrium
condition) . . . ...
Schematic view of the SABRE reaction and the hyperpolarization
process, where pHg and substrate (py) exchange reversibly with a
polarization transfer complex (SABRE complex) and spin order
1s transferred to the substrate via electron mediated J-couplings. .
Schematic showing a (A) PASADENA and (B) ALTADENA
experiment. After a chemical reaction the parahydrogen protons
end up in chemically different positions and an AX spin system is
formed. This leads to an overpopulation of the a8 and B states
in case of PASADENA and the af8 state at the ALTADENA type

ETPETIMENT . . .« o o e e e e e e e e e

PHIP-SAH method: the hydrogenation reaction is hydrogenated
in an organic solvent (orange background), while the sodium salt
is extracted in aqueous phase (blue background). . . . . ... ..
Schematic representation of the experimental procedure: (a)
the NMR tube, charged with the hydrogenation mizture and
pressurized with Para-hydrogen, is vigorously shaken (3s); (b) the
laboratory’s magnetic field is shielded by p-metal cylinders, and
magnetic field cycle is carried out using a computer controlled
current; (c) the sample is placed in the NMR spectrometer, and

a single scan 1°C NMR spectrum is acquired . . . . . . . . . ...
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2.3

24

2.5

2.6

2.7

2.8

2.9

0-Hy signals from a sample of 92% p-Hy enriched (blue line),
from normal-Hy (black line) and after heating and shaking the
sample as during the hyperpolarization experiments (red and
purple lines). In all the experiments the gas pressure was
1950+50mbar, the signal has been precisely normalized to the gas
PIESSUTC. © v v v v v e e e e e e e e e e e e
Para-Hydrogen decay in three different NMR test tubes. Tube
number 1 is not shown at the picture as it was filled with normal
hydrogen for reference calculation and regarding the tube number
2, it is mot present at the graph as were found that it’s cap
connection was leaking. . . . . . . ... oL
Para-hydrogen is added to the triple bond. In the product
molecule, the p-Hy protons are evidenced with an asterisk. . . . .
TH-NMR spectrum (1 scan) of HP allyl-pyruvate (the enhanced
signals are from the olefinic protons and from CHy. . . . . . . ..
thermally polarized 'H-NMR (4 scan) . . . .. .. ... .....
H polarization (y axis) observed in different ALTADENA
experiments, in which the time delay (x axis) between the end
of hydrogenation and the acquisition has been increased. . . . . .
Schematic principle of the MFC process with explanation
of the spin states populations: a) after hydrogenation with
Para-hydrogen of the substrate at geomagnetic field, b) at zero
field, after the diabatic passage (T1), and c) after the adiabatic
passage (12) from zero to Earth’s field, where the red arrows
correspond to transition, in emission, that will be seen in the

NMR spectrum . . . . . . . o .o e
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2.10 15C Polarization, observed on the carboxylate signal of sodium

3.1

3.2

pyruvate after hydrolysis was carried out using an aqueous base
solution (NaOH 0.1M). Different samples were used and the
Polarization has been reported as a function of the delay between

hydrolysis and acquisition of the 1>C-MR specrum. . . . ... ..

1D 'H NMR spectra of extracellular metabolites from DU145
cells cultured in this medium for 72 hours. The 1.33 ppm
signal is the one originating from the methyl lactate protons.
At 0.0 ppm the 3-(trimethylsilyl)-propionic-d4 acid sodium salt
(TSP-d4) protons (0.35 mM). . . . . . . ... ... ... ...
1D 'H NMR spectra of intracellular metabolites from DU145
cells cultured for 72 hours. The 1.33 ppm signal is the
one originating from the methyl lactate protons. At 0.0 ppm
the 3-(trimethylsilyl)-propionic-dj acid sodium salt (TSP-d4)
protons (0.03 mM). . . . . . ... o
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3.3

3.4

1D 'H NMR spectra of intracellular metabolites from DU145 cells
extract. The characteristic peaks from most of the identified
metabolites for this cell line are annotated with names and
numbers: 1 N-acetylaspartate, 2 N-acetylglutamine, 3 Proline,
4 Pyruvate/Ozaloacetate, 5 Glutathion/Aspargine, 6 Citrate,
7 Methionine, 8 Hypotaurine, 9 Malate, 10 Aspartate, 11
Lysine, 12 «-ketoglutarate, 13 Glutathion, 14 Creatine, 15
Phosphocreatine, 16 Phenylalanine, 17 Histidine, 18 Choline,
19 Taurine, 20 Betaine, 21 Trimethylamine-N-ozide, 22
Muyoinositol, 23 Taurine, 24 D-glucose, 25 Myoinositol, 26
Overlapped peaks from D-glucose, D-galactose, Fructose, GSH
and several amino acids (-CaH-), * Methanol (residual extraction
solvent). . . . L
Series of 13C-NMR spectra acquired after the perfusion of a
cells suspension (PC3 cells, 10M) with the aqueous solution
HP-[1-13 Clpyruvate. Spectra were acquired using small flip angle
pulse (18°) and 2 s delays between one scan and another. B)
expanded 12 C-NMR spectrum at mazimum 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
13C.NMR spectra reported in A. D) time dependent lactate
curves obtained after the addition of HP-pyruvate to a suspension

of DU145, PC3, and LNCaP cells. . . . . . ... ... .. ....
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3.5 Rate of pyruvate to lactate conversion obtained from the

4.1

4.2

experiments carried out using HP [1-1°Clpyruvate on cells, in
different conditions: A) intact cells (DU145, PC3 and LNCaP
cells) cultured in their proper culture medium; B) intact cells
suspended in the medium with added lactate; C) lysed cells and
D) results of the LDH activity biochemical assay carried out on
the three cell lines. See the main manuscript for more details
about the LDH activity assay. ~ P < 0.001, "P < 0.01, P
< 0.05; unpaired t-test. . . . . . ..o

*

TOF (turnover frequency) (moles of substrate that a mole
of catalyst can convert in a wunit time, 1s) for the
catalyst (Rh(I) complex containing the chelating phosphine
dppb  (bis-(diphenilphosphino)butane)) in different solvents.
The experimental conditions (hydrogen pressure, reaction
temperature) and the hydrogenation method are described in the
methods section. . . . . . . ...
Hydrogenation pathway for the Rh(I) complex containing the
chelating phosphine dppb (bis-(diphenilphosphino)butane). In
the passage shown by the dotted line, the intermediate I is
circumvented, i.e. the adduct of catalyst and solvent is not

formed. This is the case of chloroform, that is a non-coordinating

141



4.3

4.4

4.5

4.6

5.1

5.2
5.3
5.4

In methanol, 15% of pyruvate ester is in the oxo-form (A) and
85% in the ketal form (B). I) 'H hyperpolarized (upper) and
thermal (lower) spectra of allyl-pyruvate after hydrogenation,
using para-enriched hydrogen, in methanol-d; (ALTADENA
experiments).  II) 13C hyperpolarized (upper) and thermal
(lower) spectra of allyl pyruvate obtained in the same solvent,
after the application of magnetic field cycle for spin order transfer
from para-hydrogen protons to ' C. From comparison between the
hyperpolarized and thermal spectra, it can be easily noticed that

the oxo- form (A) is significantly more polarized that the ketal

Hyperpolarization level on 'H and '>C-NMR signals obtained in
different solvents. 'H hyperpolarization has been measured in
ALTADENA experiments, while MFC (Magnetic Field Cycle)
has been applied to obtain the spin order transfer from
para-hydrogen protons to 1C, in a different set of experiments. .
Correlation between amount of Ethanol and Hydrogenation yield
or Polarization level after the hydrogenation of [1-1%C] propargyl
pyruvate with Para-hydrogen in toluene . . . . . . . .. .. ...

MRI images of the phantom . . . . . . .. ... ... .......

Different components of the ZULF-NMR spectrometer (black
text) and possible noise sources / sources of “shimming” (green
text), adapted from”*, current figure used from the web-page””.

General scheme of an optical atomic magnetometer. . . . . . . .

75

87
88

ZULF NMR spectrum of a) formic acid; b) 2-13C acetonitrile and 92

Magnetic field applied in two types of experiments performed;
“pulse-acquire” (left) and “field cycle” (right). . . . . . .. . . ..
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9.5
5.6
5.7

5.8

5.9

5.10

5.11

Hydrgenation reaction of propargyl-acetate by PHIP method. . . .
hydrogenation reaction of the propargyl-lactate. . . . . . . . . ..
ZULF NMR spectrum of 250 mM allyl-acetate formed wvia
reaction with parahydrogen. A noise-spectrum is shown above
i oblue. ..o
ZULF NMR spectrum of 250 mM allyl acetate formed wvia
reaction with para-hydrogen, after performing a magnetic field
cycle experiment. A noise-spectrum is shown above each, in blue.
ZULF NMR spectrum of 250 mM allyl-lactate formed via reaction
with para-hydrogen, after performing a magnetic field cycle
ETPETIMENT. .« .« © o e e e e e
Measurement of hyperpolarized metabolites. (a) Render of the
experimental arrangement. (b) magnetic field of the sample
(black arrow) and magnetic field detected by the detector along z
(dark green) and along x (light green; (c) sequences used for the
ULF experiments on hyperpolarized samples. (e) Zero-field signal
in the x- and z-azxes of the QuSpins generated from a sample of
13C polarized metabolites. (h) Low-field time signal in the x- and
z-azxes of the QuSpins generated from a sample of 1°C polarized
[1-13Clpyruvate (lactate) . . . . . . . . ...
a) NMR signal of the [1-1% Clpyruvate at the "zero” field; b) NMR
signal of the [1-1%Clpyruvate at the VLF. . . . . ... ... ...
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5.12

5.13

S1

52

S3

a) The enzyme-catalysed conversion of pyruvate to lactate.
(b) Zero-field NMR spectra of the reaction solution.  (c)
Pseudo-high-field NMR spectra of the reaction solution. For
the pyruvate spectra the signal of hyperpolarized pyruvate was
acquired directly.  For the spectra that show lactate signals,
lactate dehydrogenase and an excess of NADH was added to the
hyperpolarized pyruvate solution prior to detection. All spectra
are shown with 250 mHz line broadening. Simulations are shown
beneath the spectra in pink and teal for pyruvate and lactate,
respectively. The simulated spectra are vertically scaled to match
the real spectra . . . . . . . . . e
a) timeline of the PHIP-SAH experiment with storage step at
ULF: The passage from “high” field to "zero” is fast; b) effect
of ULF on '3C polarization: in red is lactate signal, in black —
pyruvate; ¢) LATEST dependence on By from a 50mM lactate
phantom at pH 777 . ...
Setup for hydrolysis: the base solution is loaded in tube A; Ar is
connected to E, while D is kept closed, and tube B is pressurized
using argon (1.5bar); wvalve D is closed. The setup is hold
vertically and tube A is plunged in a hot water bath. For the
injection of the aqueous base into the organic solution (hydrolysis
step), the tip of tube A is placed a few mm above the organic
solution of the product, then valve D is opened . . . . ... ...
Magnetic field profile used for magnetic field cycle. The
measurement has been carried out by means of a three axis
fluzgate magnetometer (Mag-03, Bartington, Witney, UK).
Filtration column connected to the NMR tube . . . . .. ... ..
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S4

S5

S6

Black  line: TH-NMR  of aqueous solutions  of
sodium/[1-1% Clpyruvate obtained after hydrolysis following to the
hydrogenation carried out in the toluene/ethanol solution. Red
line: TH-NMR of aqueous solutions of sodium[1-1% CJpyruvate
obtained after hydrolysis (as in the upper spectrum) and filtration
through the Tenaz column (see main text, Materials and methods
section, for the experimental details). . . . . . . . . ... ... ..
Lower spectrum: 'H-NMR spectrum of the aqueous solution of
sodium [1-13 Clpyruvate obtained from hydrolysis of the ester
(propargyl[1-1° Clpyruvate) hydrogenated in chloroform-d. Upper
spectrum: 'H-NMR spectrum of the aqueous solution of sodium
[1-13 CJpyruvate obtained from hydrolysis of the ester (as in the
upper spectrum) and filtration through the Tenax resin (100 uL
in a syringe, retained by a PEEK filter, as reported in the main
text, Materials and Methods). . . . . . . . ... ... ... ....
3¢ polarization on  [1-13CJpyruvate in the aqueous phase
obtained after phase extraction from toluene/ethanol (ethanol 5%
v/v). A) after hydrolysis, without filtration; B) after hydrolysis
and passage through a SS filter (Idex Fluidics, Frit in Ferrule
1/167 PEEK Super Flangeless, SS Frit 2 um); C) as in B, with
Tenax resin; D) hydrolysis and passage through a PEEK filter
(Idex Fluidics, Frit in Ferrule 1/16” PEEK Super Flangeless,
PEEK Frit2 um); E) as in D, with Tenaz resin added . . . . . .
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SIP_.NMR signals of the catalyst in different solvents before
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