ABSTRACT

MACCULLOCH, KEILIAN JOHN. Advancements in Signal Amplification by Reversible
Exchangeand Translation to P+€linical Trials (Under the directioof Prof. Thomas The)s

The work in this dissertation demonstrates significant advancements for the ParaHydrogen
Induced Polarization technique known as Signal Amplification by Reversible Exchange (SABRE).
Specifically, this work explores new SABRE systems, showcases the translationvitm
detection, and describes a new method to model the relevant spin aimgsegolutionThe first

three chaptersprovide relevant background information to grasp the conceptually demanding
space of magnetic resonance, parahydrogen, and SABRtectively. Thiscomprehensive
backgrounds followed by four chapters of new sciemepresenting the coad this PhD. Chapter

4 and 5 showcase the expansion of the SABRE substrate scope to clinically relevant classes of
molecules, antifungal and anticancer drugspectivelyChapter 6 highlights &yearlong project

that broke the barrier oin vivou s e , a f e tdesiredfdn well Over a blezaddrinally,
chapter 7 presents an analytically derived model for characterizingphgsics during the

dynamicSABRE process.
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CHAPTER 1: Background

1.1 Magnetic Resonance

With the onset of quantum mechanics in the earfyc@mtury, the elucidation of magnetic
moments in particles (or waves, but this topic is for another giaigkly followed. In fact, by
1943, the first Nobel Prize for work related rtagnetic resonang®R) was awarded to Otto
Stern. In his decorated career, the discovery of the magnetic moment of a proton merited
significantcontributionfor the award. The following year, another Nobel Prize was awarded to
work done irthe field of MR. In 1944, Isidor Rakias a recipierfor his contribution$o recording
the magnetic properties of atomic nuclei, establishing the resonance nietstotvo years later,
Felix Bloch and Edward Purcell refined Rabis methidprobe resonance signal in both liquids
and solidsand consequently birthed modern magnetic resonance techritquéseir efforts, they
were awarded the Nobel prize in 198Bon theselevelopmentsthe firstcommerciallyavailable
NMR instrumentwasfabricatedby Varian and Associates the same yeafSince then3 more
Nobel Prizes have been awarded for wenkompassinylR methodologiesspanning the fields
of medicine and chemistrylhis group of people includebe likes of Paul Lauterbur, Peter
Mansfield and Richard Ernst. The two former established methods for spatial resolution encoding
leading to current era Magnetic Resonance Imaging (MRI), while the latter developed
methodologies for high resolution Nuclear Magnetic Resonance (NOARY. the course of time,
MRI and NMR instrumentscied aghe grounding lars for thecontinledsuccess of MRToday,
MR techniquehavea remarkably vastingeof applications from aidingdoctorsin surgery!?to
elucidating the composition of matter clouds in spefte.

MR is an empowering natural phenomenon that is ubiquitously exploited in the fields of

biology, physics, medicine, and chemistg indicative by numerous Nobel prizZgdR tools have



proven to be paramount in elucidating chemical and morphological strutheeadvantage of

MR techniques stems from the inherent chemical sieiblution Based on the chemical
environment surrounding the nucleus, the electrons wilinbee strongly or weakly localized
around the nucleus. For this reason, the spins will experience different strengths of the magnetic
field. As a result the nucleus will precess at distinct frequendeterminedby the chemical
environmentnd type of nucleiMoreover, spins cacommunicaté¢o one anotheryhich we call

J couplings, that causes splits in resonant frequency proportional to the size of the cadpliag

mears that MR techniques can not only determine the direct chemical environment around a
nucleus, but also what neighbug spins are close by, and how cldse

The growth of current generation MR techniques is remarlavisidering the inherently
low sensitivity. The low sensitivity in MR resides ithe fundamental approach of measuring
minute spin population differences between spin sté@ger differences leads to higher
sensitivity) The relative population of spin states is called thermal polarization and is magnetic
field dependent as the field increases, so does the polarizakonthis reasonnconveniently
massive superconducting magnets are iim@vly intertwined with MR approaches. These large
devices have become omnipresent around the globe and aocftdqy@eechnique.

However, even the wor |l doScertuayrdg reosstap intntéghg net s
enormous potential of MRThis concepis best illustrated through an examp{&onsider an
ensemble 0f330 million *H nuclei the most magneticallpctive nucleu$ inside a clinically
relevant field of 3 TUnder ambient conditions, the thermal polarization is a mere 6QLEO(1
in 100000) equating to a 3400spin difference between the available spin stdtks.difference
in population is directly proportional to the signal intensity, which is discussed in more detail in

the preceding section. Nonethelessther words3400spins can be exploited for information,



while the remainindnundreds of millions apinscancel outThe number of spins in this example
was not chosen at random. According to the United States Census BiB@amijllion is the
estimate population dhe United StategUS) as of 2023Ironically, the faculty at North Carolina
State UniversitNCSU)is around 9000over double the number of useful spins in the example
above Thus, the faculty at NCSU compared to the entirety of the US is proportional to double the
useful spins in a 3T magnéinderthe describedonditions, a 3000 T magnet would be required
to generate thermal polarization reaching only (J4st under the relative size of Raleigh, NC to
the US) The facility, energy and cost necessary to operate a magnet of this size is currently
unimaginablgor one can simply travel near a neutron star).
1.2: Sensitivity in Magnetic Resonance

To helpunderstand sensitivity in MR is helpful toget familiar with the nature of nuclear
spin. Althoughthe complexity ospin may nevebefully characterizedby humais, overcentury
long spanwe have harnessed enough knowledganderstand angaint a clear picture dhe
basics

Many atoms on the periodic table have isotopes mittiei that exhibit magnetic moments,
governedby the number andrientation of protons and neutroriis Newtoniadike angular
momentum gives rise to magnetic properties in the nucleus of an latdinis case, we classify
these isotopes asagnetically activand in turrsay theypossessauclear spinl. The total number
of spin states), available for a nucleus is dependent on the spin of the raraddetan readily be
determined usingquation 1. When the external magnetic fielByp, is equal to zer@Bo = 0) then
the spin states engrdevelsare degenerat&ince all relevant work discussed in this document

deals with spin ¥ nuclespecifically*H, *C, and'*N nuclej we will only consider these systems



herein. Usingequation 1, we can determine thapin “2nuclei have two available spin states.
O ¢O p Eq. 1
The degeneracy of the spin states is broken when subjected to an external magnetic field
(Bol 0) . I n t h precess absuethe axisBje Thesrate am vghich the spins precisss
commonly referred to as the Larmfrequency and is denotech. The Larmor frequencyis
magnetic field dependent. The relationship betwBgand¥o is linearand is governedty the
relationship between the magnetic moment ofrtheleusand its angular momentum. This is
referred to as the gyromagnetic ratio o , iswdnstanthfor any given nucleasd essentially
describests magnetic sensitivityT h u $ can be accurately approximated usiggation 2.
T ro, Eq. 2
As previously statedhere are two available spin states in a spin % systemphysical,
Newtonian sense, the spins behave similarly to bar magnets, with fixed dipole moments (a positive
and negative sidejpins, analogous to bar magnsgsntaneouslglign parallel or antiparalleio
Bo, as shown irFigure 1.1. Spins that align parallel are energetically favored (lower energy)
whereas spins that align antiparallel are energetically unfavored (higher energy). The parallel spins
are commonly referred to &pin upand denoted in quantum mathematic§ &As such, the
antiparallel spins are referred tosgsn dowrand are denotedThe energy separation between
spin up and spin down states has been coined Zesptitiimg. Zeemarsplitting scales linearly
with the magnetic field and can be calculated udtggiation 3, whereh represents planks

constant.
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Figure 1.1. Bar magnets aligng parallel and antiparallel about the axis of an external magnetic
field, analogous to spin ¥uclei.
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The relativeenergysplitting for *H, *3C, and*>N nuclei are shown iffigure 1.2 across a
range of magnetic fields S i1ndc e4 130 4 Qsn, &t any given field, the energy separation
between spin states follows the tréirtl> 13C > 5N. The relative population of spins occupying
the available spin states, typically referred to as thermal polariz&i@an be calculated using
Boltzman statistics, summarizedfguation 4.°> Here, k represents the Boltzman constant, and
T is the temperatur&Vhen analyzindequation 4, it is apparent that increag energy separation
between spin states results in lar@erThus, at any given magnetic field utilizing congruent
parameterstH nuclei will have the larged, followed by**C nuclei, and thef"N nuclei. With
that being said, the energy separation between spin states is tiny, and vastly overshadowed by
thermal energy & > > >Eingcisy, even if fields are elevated towards early! 2&ntury
limitations. Consequently, thermal polarization is always tiitye extent of this is highlighted

with anabstracexample in the previous subsection (1.1).
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Figure 1.2. Zeeman splitting fotH, 3C, and®>N nuclei displayed over a range of magnetic fields

When spins are sulsjted to a magnetic field afll 0, differing populations of spinare
oriented spin ug>50%) andspin down(<50%). Accordingly, a net dipole is generated, which is
formally termednet magnetizatiorA vector representation of the described net magnetization is
illustrated inFigure 1.3A. In traditionalMR techniquesthe vector is excited with radiofrequency
(RF) pulsesThe result of a hardxcitation pulse is shown iRigure 1.3B, where the vectois
rotated 90from the zaxisinto the xy planewhere a sensor can detect the fluctuations in current
caused bythe frequencies in the ensembléne resonant frequencyuding relaxation back to
thermal equilibrium is detectednd predominantlygeneréesa free induction decay (FID), as
illustrated inFigure 1.3C. The resulting FID is then processed via fast Fourier transform (FFT) to
give a frequency encoded spectrum,shewnin Figure 1.3D. The size of net magnetization
relative to noise idtatessensitivity.Sincepolarizationis the foundation ofiet magnetizatiomet

magnetization is always tiny. Thus, MR techniques have inherently low sensitivity.
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Figure 1.3. Traditional MRacquisitionprocess. [A] Vectorepresentatiomf net magnetization
generated within an ensemble of spiwken subjected to an external magnetic figH]
Magnetization excited into theypane by a radifrequency pulse. [C] Relaxation back to thermal
equilibrium generates a free induction decay of the MR signal, corresponding to the sum of the
frequencies in the spin ensemble. [D] The signal isiEotnansformed into a frequency domain.
1.3 Hyperpolarization

The urge to push sensitivity in MR has led to significant adwsindeigh-field NMR and
MRI instrumenation Large superconducting magnets are now omnipresent around the globe in
scientific settingsacting as a leadingnalyticaltool for biologists, physicists, chemists, and
medical professional§.he act of manipulating the environmahparameterto increase thermal
polarization(and thereby sensitivity)ike increasing the magnetic fieldretermedbrute force
methods. Howeverbrute force methods are very limiteeyen with modern technology and
methodologiesandconsequentlgensitivitylags

Fortunatelymethodologies have been developeat do not rely on thermal polarization.

These methods, termég/perpolarization(HP),% 4 drive polarizationtowards unity,far away



from thermal equilibriumA visual graphic of thermal polarization compared to HP is illustrated
in Figure 1.4. HP modalitiesharness and externsburce of spin order to transfer magnetization
onto a target nucleus on a substratehyperpolarizedgubstrate can then be used in tandem with
existing MR infrastructureor without, creating new applicatioasd unravelling new phenomena,
such asRadio Amplification by Stimulated Emission of RadiatidRASER)® ! New

applicationsrange from trace analysis in complex mixtdPeo next generation molecular

imaging?®24
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Figure 1.4. Pictorial representation af hypothetical differenceinh e r el at i ved popul
a n daspjnfstates at thermal polarization vs hyperpolarizafitwe. corresponding hypothetical

spectra generated from thermal polarization and hyperpolarization are shown below.



Many HP techniques have been investigatétin the lastcentury These techniquese
largely differentiated based on the external source of spin order employed. For instance, Dynamic
Nuclear Polarizatioruses an array of methods to transfer net magnetization tihermally
pol ar i ze dda e b 6:0)L°HBDBNP has een the most extensively studied HP technique
and patrticularly shines in the field of next generation molecular imaging. This is highlighted by
clinical trials involving DNP, whiclexceeds 3@s of 2023, according to clinicaltrials.gov. DNP
has awide-rangingsubstratescopeand can generate large amounts of polarizatiomever, DNP
has proven to be very expensive, lengthy, and technically challerghaiher notable HP
technique is Spin Exchange Optical Pumping (SEBP)SEOP uses polarized lighs a source
of spin orderto hyperpolarize gases. SEOP is limited to noble gases, and thus hassanaéry
substrate scop@&leverthelessSEOPwas the first HP technique to gain FDA approval for human
usein 2022 SEOPis primarily employedto hyperpolaize 1?°Xe for elucidating abnormalities
through lung imaging.

Aside from harnessing the spin order from highly polarized electrons or light,
parahydrogen has since gairteactionas a additional prime spin sourcé&243! paraHydrogen
Induced Polarization (PHIP) is the HP technique employed in the work conducted in this
dissertation, specifically a stivanch technique called Signal Amplification by Reversible
Exchange (SABRE). Thughe details of parahydrogen, PHIP, and SABRE will be discussed in
extensive detail in forthcoming chapters.

1.4: Outline

The work in this dissertation demonstrates significant advancefoetit® ParaHydrogen

Induced Polarization (PHIP) hyperpolarization (HP) technique known as Signal Amplification by

Reversible ExchangéSABRE). Moreover, this work paves a roadabling a broader range of



applications. To comprehend the importance and nature of the presented body of work, a thorough
description of thdackgroundsciencas firstgiven.Following this, several advancemefaaming

the core of thihD, most of whichhave been highlightelly peer reviewed publicationwill be
presented.

Chapter2 will lead directly into a theoretical description of parahydrogen and then
extensive details will be given on how to generate parahydrageluding real laboratory
examplesThis chapter will be capped with an introduction ithte various uses of parahydrogen
for hyperpolarizationThe text will then shift to a specific PHIP modality, SABRE, that is the
primary focus of the dissertatioAs a resultchapter 3 will deep dive into the theory of SABRE,
from the catalyst requirements to the complex spiradyos exploited with this technique, and
endwith some details of traditional experimental approachkse.proceeding chapters will switch
gears from background information to the progress made with SABBEhisPhD.

Chapter 4 highlights work from my first project as a graduate student. In this work, we
expand the SABRE substrate scope to include common antifungal agents. At the time, these
molecules presented unknown challenges due to their large size compareatdb SWBRE
substrates. We not only successfully hyperpolarized these subgrabesh *H and**N nuclei,
but alsodetailedvarious optimization studiethat increasepolarization.Chapter5 will have a
similar storyine to chapterd. Here, we extend th@ABRE substrate scope to current generation
anticancer drugd.ike the antifungabgentsthese drugs were largéran most SABRE substrates
and had additional substituents that could potentially interact with the catlyguccessfully
hyperpolarized these molecules and conducted advanced studies to eteMitgperpolarization

dynamics. In this work, we pushed polarization over 10% using novel dynamic pulse sequences
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and extendetPN T; lifetimes to ove® minutes These qualities are exceptional for potential future
applications, including more sensitive drug screeiimgjtrace analysis

The following section, Chapté, is a big shift from the first two projects. In this chapter,
we overcome the major hurtles preventing the translation of SABRErpolarizatiorio be used
in vivo by monitoringSABRE hyperpolarized®C signal in living, healthy ratsThis work is a
tremendous leap for our field and has been long awsitex its inceptiomn 2002 The efforts
spent achieving this milestone spans across numerous years from many of the authors. A highlight
of this work is the pustowardsbiocompatibility. Not only did we shogasethe first evelin vivo
results, but we additionally made efforts to mitigate the translation to clinical trials by generating
amorebiocompatible solution.

The final chaptedeaps into the physical chemistry side ®ABRE, specificallyspin
dynamics In this work, we derive an analytical model that tracks spin evolution in two different
SABRE systems. We fit the model to experimental data at various conditions to showcase the
robustnessof the model The model can accurately extract important SABRE parameters,
including theactive complex lifetime J coupling values, and frequency differences between
nuclei.

Collectively, this work provides sufficient details into the background information for the
reader to understand the major contributitmg¢he SABRE and broader scientific community

described in tl latter chapters of thdocument.
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CHAPTER 2: Parahydrogen

Hyperpolarization techniques harness an external source obsen to hyperpolarize
target molecules. As mentioned in the previous chapter, sources of spin order can range from
polarizedelectrons tgolarizedphotons.In the case of SABRE, parahydrogeanspin isomer of
molecular hydrogen, ithe source of spin order.
2.1 Spin Isomers of Molecular Hydrogen

The discussion of spin states in context to molecular hydrdgess toas early as 1927.
At this time in the early decades of quantum mechanics, bright mines including Heis&nburg,
Hund3® and Dennisor?* eagerlybegan postulating the existence of discrete spin isomers in
molecularhydrogenl t wasnoét untiil a couple years | ater,
and McLeod, and Bonhoeffer and Harteck both gathered experimental evidence of this natural
phenomend>*Today, the spin states of molecular hydrogen are well documented and described
by quantum mathematics.

Molecularhydrogenis comprised of two hydrogen atorfgt can bepartitionedinto two
spin %2 particlesAs discussed in the introduction, spin ¥z particles haweavailable spin states
U a Theréfore, there are four possible spin combinatiasshown inEquation 5.

OQQaW®I Qi

| 01 6Q 1 61 6Q | 6T ©6Q T 0] 00 Eqg.5

However, when considering pairs of magnetically equivalent spins, the Zdmgsan
becomes lesappropriate as pairs of atoms begin acting collectively as one entity, instead of
distinct entities In this situation the singletriplet basisbest represents the systériupon

transformationnto the singlet triplet basifunctions 1 and 2re congruenwhile functions 3 and

12



4 becomenormalized superpositions &f fandb Wvith differing signs The resulting functions,
now adapted to the singtaplet basisare shown irFigure 2.1with corresponding nomenclature.
The triplet stateél’) with symmetric wavefunctions afermally known asorthohydrogerandact
analogously to articlespin withl = 1. Here, T, To, and T are analogous to states 1, 0, ahd
respectivelyThe singlet statéS) with an antisymmetric wavefunction is knownmsahydrogen

andactsanalogouslyto aparticlespin withl = 0.

g “ ao T, \
> |

Triplet
b/ i/ 1/+4/2 T
ﬂ' 2t . * (Orthohydrogen)

BB T, J

Singlet
d ﬁ 1/V2(ap-pa) % } (Parahydrogen)

Figure 2.1 Spin states of molecular hydrogersinglettriplet basis

2.2: Parahydrogen Generation

The wavefunction is a central concept in quantum mechanics that serves multiple crucial
purposes in describing and understanding quantum systEmgsage is fundamental to the
framework of quantum theory and provides a powerful tool for making predictions and explaining
theprobabilistic nature of quantum phenomeldaderstanding theymmetricalguidelines othe
wavefunction oimolecularhydrogenallowsus to unravel thenysterybehind modertechniques
for parahydrogen generation.

2.2.1: Theory

13



The overall wavef unct i,aan beekpressedbytoadiceof hy dr

wavefunctions fromndividual components. The individual components of the wavefunéion
molecular hydrogeare summarized iffable 2.1 These componentonsiderthe translational,
vibrational, electronic, rotational, and nuclear spin wavefunctions of molecular hydrogen
Accordingly, the total wavefunction for molecular hydrogen is shovigimation 6.

Table 2.1 Wavefunction components of molecular hydrogen.

WAVEFUNCTION SYMBOL COMPONENT DESCRIPTION
grrAN Translation
Qvis Vibrational
dELec Electronic
drot Rotational
dse Nuclear Spin
W W W W W W Eq. 6

One ofguantum mechanidsindamental principles, the Pauli exclusion principle, governs
the behavior of identical fermions such as electransn the present case protofifie Pauli
exclusion principledictatesthat the exchange of two fermions leads to a change in sign of the
wavefunctior?’*8This antisymmetriccharacteristiensures that the probability densitifinding
two fermions in the same state is zero, which aligns with the fundamental behavior of fermions.
Therefore if two fermions withindependentwa v e f unct i o nmwientytde owenald y 2
wavef unct beamisy@memmc This also implies thgionexchangef the fermionsthe
antisymmetric nature of thevavefunction must beonservedThe outcome of this guideline

imprints constraints on the nature of molecular hydrogen and is mathematically expressed by
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Equation 7.2° Here, H and H representlistinct hydrogen atoms, and the negative sigithe
right-hand side indicates the antisymmetric nature of the wavefunction.
"ORO "ORO Eq.7

By analyzing each component of the wavefunction of molecular hydfogaable 2.1,
we can set guidelines to enstguation 7 is satisfiedThe translational component descrilies
3-dimensional movement of molecular hydrogen through spadedoes not affect exchange
Similarly, the vibrational componentvhich describes the oscillation between the protons in
molecular hydrogedoes not affecexchangeMoreover, he ground state electronic component
of molecular hydrogen is also symmetficTherefore, to satisfEquation 7, one ofthe nuclear

spin wavefunction or the rotational wavefunction nmsantisymmetric whereas the othaust

be symmetric This results in the pairing of symmetric rotational states ( O , 2, 4¢)

parahydrogen and pairing of antisymmetric rotational stdtes (1, 3, 5¢é) wflt h
OO0 60UV p 0OV O p L O p Eq. 8
The energy of the quantizedbtational states of moleculdrydrogencan readily be
approximated usingquation 8. Here,J refers to the rotational state aBg Dy, and H represent
rotational constantg:or molecular hydrogen, tee values were experimentally determined to be
By = 59.33, D = 4.59x1@, H, = 5.2x10°.*? For quick approximation, the first term can be used
without the second and third correction teri@gnerally speaking, molecslaith larger atoms

and longer bond lengths have smaller rotational constants and smaller energy spagnigs.

exemplified by replacing a proton in molecular hydrogen with deuterium. In this case, the

rotational constant Bis approximately 30, roughly half that of normal molecular hydrogen,

reflecting the increase in mass. Furthermore, when replacing both protons with deutkeeu

constant drops to rougghl5. On the other hand, molecules with smaller atoms and shorter bond
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lengths tend to have larger rotational constants and larger energy spiofegsilar hydrogen is

the smallest diatomic molecu@d is therefore expected to have large engaggbetween states.

The energy separation between rotational stédesmolecular hydrogerand nitrogenare
graphically illustrated ifrigure 2.2 The rotational states afioleculamitrogen are shown side by

side with molecular hydrogeto showcase the unique rotational characteristics of molecular
hydrogen, where energy spacing is latgehis comparison] = 1 state in molecular hydrogen is
higher in energy thah= 7 state in nitrogen. This means that much lower temperatures, deep inside
the liquid phase, would be necessary to produce polarized molecular nitFagethis reason,

polarized nitrogen is not readily employed for hyperpolarization modalities.
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Figure 2.2 Rotational energy states for molecuigdrogen and nitrogerexemplifying energy

difference betweerotationalstates in different size systems.
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Understanding the energy distribution of the rotational energy levels of molecular
hydrogenunlocks the ability to readily generate parahydrogen. Since parahydrogen is coupled to
J = 0, and since the energy gap betwden 0 andJ = 1 is largethe equilibrium population
eminentlyfavors J = 0 at lower temperaturesSince the nature of the population distribution
between rotational states is energy dependent, consequently the relative population of
orthohydrogen ahparahydrogen are energy depend@&ht rdationship between orthohydrogen
and parahydrogen as a function of temperaturebeamodeled using Boltzman statistioA plot
from T =0 K to T = 350 Kshowcasing the thermal equilibrium percentage of parahydrisgen

shown inFigure 2.3,

100= N\>99 % @ 25K
gof
c :
() :
S eof | Orthohydrogen
— I
'g _. _______ \S0%@77K
= ! I
E 40_ 1 :
G : ]
o- ' | 25% @ 298 K
| l (]
g P ;
20* 1 : :
1 Parahydrogen !
: I 1 I 1 1 1 i
50 100 150 200 250 300 350

Temperature (K)
Figure 2.3 The percentage of parahydrogen at thermal equilibiiam 0 to 350 K. Dotted lines
are present to indicate thermal equilibrium at anmbi@b%) liquid nitrogen (77%) and
compressed heliuf»99%)temperatures.
At room temperature, all four spin states are found in equal proportions, which corresponds
to a 3:1 ratio of orthohydrogen to parahydrogdowever, upon cooling, the ratio quickly tilts
towards parahydrogen. When cooling with liquid nitrogen at approximately 77 K, the ratio
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becomed.:1at thermal equilibriumcorresponding to 50 % parahydrogen and 50% orthohydrogen.
With advances in technology, commercially available helium compressors and cryoemelers
available thatcan reachtemperaturedower than 25 K. At thse temperaturg the thermal
equilibrium of the parahydrogen spin isomer is >98fdwever, the conversion of orthohydrogen
(triplet) to parahydrogen (singlet) is symmetfyrbidden?'*3® Thus, simply lowering the
temperatue is not sufficient for inducing spiconversionn a timely mannemevertheless, there
are several developed methods to hehtalyze spin transitions. These methods can be
categorically broken down into chemical and physical methods.

Chemically, symmetry constraints do not apply (and therefore the transition is no longer
forbidden) after the bond between hydrogen atoms is brarkethe atoms are not orientddhen,
upon reassociation (reorientation), the new molecular hydrogen molecule will be tailored to a
thermally distributed equilibrium.

From 1933 to 198¢%**the physical approaelrelied on magnetic inhomogeneity from a
materialthat results ira perturbation in the symmetry of the molecuidamiltonianof hydrogen
Upon perturbation, spin transitions between orthohydragenparahydrogelnecomeaccessible
The conversion efficiencpf various materialfiasbeen extensively investigated over the last
century.From this large body of work, three intrinsic material characteristics stood #b®ve
othersin terms ofconversiorefficiency. An efficient conversin materialhas high capacity for
molecular hydrogen adsorption, is highly paramagnetic, and shaukdthe ability tgoroduce a
large magnetic moment This work was strongly pushed by Eugene Wigner, who developed the
first theoretical modeémployed to determinthe conversiorefficiency between orthohydrogen
and parahydrogeusing magnetic materiat&*®However,in 1982 during experiments designed

for observing rotational excitation of molecular hydrogen absorbed on sutfsices electron
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energy loss spectroscapsesults generatedalso suggestethe catalysis of orthohydrogen to
parahydrogen with nemagnetic Ad*? Specifically,it waselucidated that spin conversion occurs
upon adsorption or within a couple minutes of exposure. This was a massive improvement as bulk
conversion is significantly slower, taking weeks for full conversion. This work opened a new wave
of orthohydrogen to pahydrogen conversion.

Regardless,aoling hydrogen gas in the presence of an appropmatgneticconversion
catalyst e.g. Iron(lll)oxidehydroxide is an efficient approach to genergtarahydrogernupon
cooling Conventionally, there are two cooling agents employed for parahydrogen generation.

The first, and more simple approach, is to use liquid nitrogen. Liquid nitrogen is
conveniently available in most science facilities. Moreover, the engineering of systems that use
liquid nitrogen as a cooling agent are easy and inexpensive. In thesessysippeor stainless
steeltubing is filled with a conversion material and molded into a coil. The coil is then submerged
into a dewar of liquid nitrogen. Nextydrogen gas flows through the tubing, and at appropriate
flow rates, 50% parahydrogeran begenerated. A picture of the described set up is shown in
Figure 2.4, where the coils is attached tm automated bubbling system for direct use in

experiments’
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Figure 2.4. Coiled stainless steel tubing (highlighted in green) thasésl in tandem with liquid
nitrogen dewars for 50% parahydrogen generation attached to hydrogen dispensing system.

The second, and more complex approach is to use compressed helium. At ambient
conditions, the liquefaction temperature of heliusn<5 K. This is convenient as >99%
parahydrogen is thermodynamically preferred at temperat@®®@& <This mears there is asafe
~25 K operating window where nearly 100% parahydrogen can be geneGagdnercially
available helium compressors are available that can readily access these temperatures. Pairing
helium compressors with commercially available cryocoolers enablesdhmeering of systems
that generate >99% parahydrogem #nage of a helium compressor (blygired up with a

cryostat (silverpothfrom Advanced Research Systéftis shown inFigure 2.5,
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Figure 2.5 Image of a&commercially availabl&elium compressor (blue) and copmler(silver)
from Advanced Research Systeemployedior 99% parahydrogen generation

Parahydrogen generation fayperpolarization modalitieis not theonly timesociety has
taken a keen intereti paranydrogenAside from scientist hoping to further the reach of quantum
mechanics,ite Space Race, which was a crucial part of the broader Cold War competition between
the United States and the Soviet Unipast WWII, also drove attention to parahydrogen
generation. Since the conversion of orthohydrogen to parahydrogen is exothgumlityydrogen
has higher boibff rates when hydrogeis liquified and not convertetd parahydrogeft This is
not a problem when the liquified hydrogen fuel is used relatively quickly. However, when long
term fuel storage is required, during space exploration for examplegfbodtes need to be
mitigated For this reason, liquid hydrogen fuelquires conversiomto parahydrogen prioot
long-term storage

2.2.2: HomeBuilt Parahydrogen Dispensing Systems
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Hydrogen is an extremely flammable gas that has traditionally been used as a rocket
propellant albeit in liquid form, as discussed the previoussulsection (2.2.1) As such,
significant careand cautiorshould be taken with not ontiie generation gfarahydrogen, it the
manipulationof the gaghereafterto ensure safetyFor this reason, we have developed a novel
parahydrogen dispensing system that can simultaneously and lsafebed to fill two separate
transportable tankanddirectly dispensento two different reactor vessels (typically NMR tubes).
These multiuse features are important ifala environmentwith multiple MR instruments so
progress can be mademultaneously without conflicting others. A graphical layout of the
parahydrogen dispensing system with appropriate labels is shdviguire 2.6. This system an
be adapted to any parahydrogen generator, including both liquid hydrogen and compressed helium
approaches. The depicted parahydrogen dispensing sys$esicompressed helium as a
parahydrogen generation approadhe standard operating procedusee mapped out in the

following section.
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Figure 2.6 Diagram of the parahydrogen dispensing system engineered at North Carolina State
University.
2.3: Safety in Parahydrogen Generation and Dispensing

To ensure the safe use of hydrogen gageramethodical guidelinelsave been developed
for ourhomebuilt pardydrogen dispensing system. This list includes warming and cooling of the
helium compressor, source tank changes, direct dispensing, and filling transportable tanks. These
procedures encompass all tbepected dayo-day task one will likely encountemcluding

procedures fowhen things go wrong.
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Beforestarting a procedure and after completing a procedure, the system should be left in
standby mode. In standby mode, valves 1, 4, 5, abdlate shut, while valves 2, 3, and 6 are
open.The source tank should be open.

2.3.1: Cooling Down and Warming Up

Arguably the most dangerous procedure is shutting off the helium compressor and
consequently warming of the cryocool@his is because the gas in the cryocooler is typically
pressurized to 400 psi and is cooled to 25 K. Using the ideal gas law, shigunaition 9, if this
closed system is allowed to heat to ambient conditions, this would result in neardfola 12
increase in pressure. Therefore, the final pressure would be nearly 5000 paieliess of an
explosion at this pressuskyrockets Fortunately, our system has a large volunoaitside the
cryocooler relative to the volumeside the cryocooler. This helps reduce the maximum potential
pressure if the system is left closed while warmivithout actively vening. Additionally, we
installed a pressure release valve that @pktn andrent into a fume hood at pressures exceeding
1000 psiRegardlessspecial care needs to be taken when warming the system.

0w &'YY Eq. 9

There are many reasofts warming up the system, ranging from troubleshooting issues
when something goes wrong changing the conversion materi@lften, it is important to keep
the system under positive hydrogen pressure to awgigen contamination. The following steps
allow the system to be warmed while maintaining operating pressure.

Before starting, ensure no gas lines are open and check the entire system with a flammable
gas detector for leaks. Next, chebkt pressure gauges A and B are reading the operating pressure
of 400 psi. Then, open valvesA?26, 7, and 10andensure valves 1, B, 9,and 1114 are closed

Once completed, set the target temperature on the user interface to(&3uning it was
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previously set to 25 K)At this point, it is important to monitor the pressure gauges. Do not let the
pressure exceed 500 psi. To avoid this, simply open \Elue release some pressure into the
hood. The rate at which the hydroggas ventsvill be governed by the mass flow controller. Once
pressure drops back to operating pressure, close YaNeontinue this process with increments
of 5K until 50 K. At this pointjncrementsf 10 can be used until 100 K. Frdrere on set the
temperature to roonemperature and vent when appropriate.

To cool the system, simply input the desired temperatndekeep the source tank open.
Leaving the source tank opevill avoid the possibility ofnegativepressure in the system that
increase the chances of oxygen contamination.

2.3.2: Source Tank Change

The source of hydrogetan be any sizddeally, the tank is small enough not pose a
serious risk if things go wrong, while being large enough not to need replacement on a weekly
timescalelnevitably the tank runs low and needs to be swapped out with adé@alkcementThe
process of changing a source tank is trivial, but little mistakes can lead to disastrous results.

The backend operating pressure released by the hydrogen source tank is regulated to 400
psi. This pressure controls the max pressure tanks for transportation can he éitiddshould be
set accordinglySince400 psiis the valualesiredfor transportation, the pressure should never dip
below the. Therefore, when the source tank reaches levels below 500 psi, a tank change is required.

To change a tank, it is necessary to open the system up to air. Unfortunately, if air,
specificallyoxygen,arrives inside the cryocooldt can condense and cause cloggMgreover,
it can cause pressure jumps which can launch the catalyst out of thegrehatimberjnto the

tubing. This creates a source of relaxation and could lead to lower percentages of parahydrogen
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than expected, leading to inconsistexperimental observationshus, special considerationas
takento preventhis.

First, ensure no gas lines are open and check the entire system with a flammable gas
detector for leak€Proceeding those tesstlose valve® and3, and record the pressure reading at
pressure gauge A and B. Write this number down, as it is important that this pressure be reached
before opening valvezdand3 at the end of the process.

Next, shut off the source tank and open valvdhis will allow us to depressurize the
whole systenwithout contaminating the cryocoolédext, open valve 7, 10, and 1and slowly
release the pressure from the system. You should be able to hear the hydrogen coming out the vent
line into the fume hood. Once the system is near atmospheric pressurejatiestel(the vent
line). At this point, it is safe to remove the source tank from the regulator. Carefutligs quickly
as possiblereplace the oldourcetank with the newsourcetank. Speed is of importance at this
step to reduce thmounterflowof oxygen into the system@nce connected, ensure vacuBnis on
and ope valvel4. This will put the entire system undesicuumaside from the cryocoolelt is
very important topurge using avacuum before pressurizing to reduce oxygen lepals to
mixing with hydrogen. After 5 minutes of vacuing, closevalve 14. It is now ok to open the
regulator. The regulator should be set to 0 psi at the start of this step. Slowly raise the pressure to
20 psi.Monitor the pressure gauges to ensure the system is working properly. Note, all regulators
should be reading 20 p$troceedoy turning the source tank off and theenting the system in
the hood until § psiby opening valve 11At this point,close valve 1lnd open valvd4. The
pattern of vacuuming arttienfilling with hydrogen is called purging, and this process should be
repeated at least 3 times. Once purging is complete, the system can be brought up to operating

pressure, or the relevant pressure recorded on valves A befbi® valves 2 and 3 were closed
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Once tke system is back to the correct pressure, vadasd3 can be openesimultaneoushand
valve 4 can be shutSafely flow hydrogen into the hood for 3 minutes and the system should be
ready to go with fresh parahydrogen.

2.3.3: Direct Dispense

A very convenient feature of the parahydrogen dispersiatem is the ability to directly
dispenséanto reactor vesseldhis pathway guarantees fresh parahydrogen and is less wasteful
than tank fills. For instance, operating pressures for typical parahydrogen hyperpolarization
techniques are around 100 psi. This means that the transportable tanks waste at least 00 psi wor
of gas aminimum sincegheyare generally not usdmklow this pressurdloreover, if conflicts or
unexpected challenges present themselves and experiments are consequently rescheduled, no
waste will come from the direct dispense pathway.

Before operating the direct dispense lines, ensure no gas lines are open and check the entire
system with a flammable gas detector for ledst, connect direct dispense lines to the reactor
vessel. Next, set the down pressure regulators to 100p&ih can benonitored using pressure
gauges C and Drhen fom rest mode, open valveandeither valve 8 or 9 andait sufficient
time for the buffer tanks to fillOnce equilibrated, the direct dispense lines are ready for use.

2.3.4: Filling TransportableTanks

Tank fills have proven to be the most troublesome task in all of parahydrogainNmgh
Carolina State Universityit is very easy to become complacent as thisreadily become a
weekly taskfor most lab member8efore startingensure no gas lines are open and check the
entire system with a flammable gas detector for leaks. Next, check the pressure on the source tank

regulator. If the pressure is below 500 psi, consider a source tank change. If the pressure exceeds
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500 psi and the operating pressure is set to the correct tadunt is ok to fill a transportable
tank.
To start a tank fill, it is first necessary to empty the tank. For the pugbtisie procedure,
we are going to assume the transportable tank was previously filled with hydrogen and no air
contaminated the tank. Otherwise, the tank would require heavy purging before use. Nevertheless,
closevalve 10 and open valvd?2 or 13 This sets a path from the transportable tanks directly to
the fume headnce valve 11 is openeNext,open valve 11 anslowly open the tank and wait for
it to depressurizéo atmospkRric pressurer-ollowing this, we want to purge the tank. To purge the
tank, first close the vent lingy closing valve 11Next, open the vacuum lin®y opening valve
14. Wait 5 minutes and then shwalve 14 and open valves 7 and T@e tank will slowly start
pressurizingvith parahydrogen at this poirdncethe pressurgauget reaches @psi,close valve
10 and opervalve 11 to ventRepeat this purging process 3 times. If the tank was potentially
contaminated with oxygen, consider pulling vacuumdager durations and purging more times.
Once the tank is purge@penvalve 10 and allow the tank to pressurize operating
pressure. Once at operating pressure, shut ta@haad either 12 or 1&nhd detach the tanEnsure
the system is not leaking and that the source tank pressure is reading abovelbd@ psessure
reaches below 500 psi, consider a source tank change.
2.4: Parahydrogen Induced Polarization
The use of parahydrogen to increase polarization on target substrates begins in 1986 with
Bowers and Wigekamp. Although not demonstrated experimentally, the duo publisbek
where they employed density operator calculations to describe the process of transferring the spin
order of parahydrogen into magnetizatiom a target substratey breaking symmetryhrough

hydrogenation reactior?S.Nearly a year later, the duo teamed up once again and published a
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document with the title fAParahydrogen and Sy
Al i gnment o, where they experimental I®inthisal i dat
work, they report the hyperpolarization of propionitrile, the hydrogenation product of acrylonitrile.
Additionally, they noted increased magnetization on the hydrogenation catalyst, corresponding to
complexes with parahydrogen derived hydrideshwibw broken symmetryShortly after, a
published document wi t h the title APar aHydr q
Re a ct expanded the work done by Bowers and Weitekamp to various substrates and
catalysts? Parahydrogen induced polarization (PH&)ck with the community anid still used
today to describe parahydrogbased polarization techniques.

Since the late 1980s, hydrogenated PHIP modalities hade dramatic improvements.
Many drugs and metabolites have been hyperpolarized via this ntéffigsdditionally, the
technique is not limited to protons, as several other nuclei have been hyperpolanmed.
hydrogenativePHIP methods directly add hydrogen to targetlecules resulting polarization
values are large, reaching up to 280% However, this inherent characteristic is@bleedged
sword. Although large polarization values are assured, the substrate scope is limited. Hydrogenated
PHIP modalities require an unsaturated bond on a molecule that can also interact with a catalyst.
This means thamnostmoleculesare off the menu fohydrogenativePHIP. On this notion, there
has been work described where an olefin substituent is first bonded to the target sGBétrate.
Upon hydrogenation of the olefin substituent, the polarization can be transferred and then the
substituentcan be spliced. However, synthesis of olefimtainingprecursorgss expensiveand
still has a limited reaciMoreover, these techniques are destructive in the sense that after chemical

modification, the substrate cannot be polarized again.
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Over a decade ago, a new PHIP modality was introdtereaed signal amplification by
reversible exchange (SABRE)here hydrogenation of the substrate was not nece¥siihus,
the technique does not require any chemical modification of the supstratt greatly expands
the scope of available substrates for PHMelditionally, SABRE enables the continuous
regeneration of hyperpolarized substrates on dertfdiid.

SABRE employs a transition metal catalysit reversibly binds parahydrogen and a target
substrate, as illustrated Figure 2.7. During exchange events, a temporargoupling network
forms between the parahydrogen derived hydrides and the target substrate. Spin order can then be
transferred from the hydrides into net magnetization on the substrabe-dépthdescription of

SABRE is presented in the following chapter.
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Figure 2.7. Ir-IMes catalyst reversibly binding parahydrogen and a target drug. Parahydrogen
reversibly binds to the catalyst on the left while a drug reversibly binds on the right in the equatorial
plane (note the axial ligands are nexchangeable). Spin order is transferred from the

parahydrogefderived hydrides to the drug through scalar couplings
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CHAPTER 3: Signal Amplification By Reversible Exchange
3.1 Chemical Nature
3.1.2 Underlying Chemistry

Signal Amplification by Reversible Exchand@XBRE) is adynamicchemical proces#t
the heart of SABRE is the catalyst. The SABRE catalyst bears the responsibility for reversibly
exchanging parahydrogen and a substrate and generating appropriate conditions for spin order
transfer.There ardour critical characteristics of a SABRE catalyst.

First, the catalyst must form bonds to both parahydrogen and a substrate., $leeond
catalyst must be able to generate conditions that break the symmetry of the nascent parahydrogen
derived hydridesThe symmetry break allows conversion of thesrpopulatedsinglet state of
parahydrogen to observable magnetization otarget nucleusan otherwise spin forbidden
transition. In the case of SABRE, an organometallic complex with appropriate geometry is used
to interact with parahydrogen breaking the symm@thytd, the exchange rates of parahydrogen
and the substrate must be on the same time featie inversel couplinginteractionshetween
the hydrides and substrata.other words, spin evolution should have a similar frequency to the
exchange ratedf exchange rates are too fast, insufficient spin mixing will 0€&ftOn the
contrary, if exchange rates are too slow, relaxation will dominate and lead to no free polarized
substratesFourth, the catalyst must be stable over the course of polarizatiorupiitd

Although manipulating the frequency of spin evolution is not trivial, altering the exchange
rates of parahydrogen and target substrates is. Effective strategies for exchange rate manipulations
includes directly heating and cooling the santpf& %8 addition of cesubstrate$?%?* and of

coursemodifying the catalyst itself.
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3.12: Catalyst Developments

SABRE was first demonstrated by Duckett et al. usingridium based organometallic
complex, known asCCrnbbreeéds cadbhlypgst was for
hydrogenation reactiof$’*However, when pyridine is added toc
with pyridine under hydrogen pressure, the catalyst confirms to an octahedral geometry. A
depiction of the geometry is shownkigure 3.1A. Here, L2, L3, andfisubstrate are pyridine and
L. is the originalC r a b t phasmirte sigand. An octahedral geometry with hydrides in the
equatorial plane gives rise to antivated SABRE complewhere spin order can spontaneously
flow into substrates on the equatorial plaire this work, notablesignal enhancements were
observed odH, 3C, and*®N nuclei in pyridine Proton and heteronucleere also hyperpolarized
on 3fluoropyridine, nicotine, pyridazine, quinoline, quinazoline, quinoxaline, and
dibenzothiophene, includin&F and P nuclei. This groundbreaking work streamlined PHIP
modalities by breaking thequirement for a substrategossessnunsaturated bondequired in

hydrogenation reactions.
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Figure 3.1 Chemical structures ¢A] an activated SABRE complend[B] IMes ligand (IMes
=1,3big2,4,6trimethylphenylimidazole2-ylidensd.
Over the yearsgextensiveefforts have beemade towards improving the SABRE

catalyst?®"4 79 Of this body of work,lte most suitable catalysts for SABRE have all been iridium
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based Although attempts were made to use different transition metals, namely cobalt and
rhodium’®83which are in thesameperiodic tablegroup as iridium, none could generatgficient
levels of hyperpolarization.

The identity of L was also extensively investigat&tomising vork published in 2011 by
Cowley et al. demonstrated the utility ofiéterocyclic carbene complexes as highly efficient
SABRE catalyst$* In this work, a very efficient catalyst emerged with the ligand grb@p
bis(2,4,6trimethylphenyl)imidazole-ylidene This catalyst quickly became thefgolden
standard SABRE catalyst ands commonly referred to as the IMes cataly$te Mes ligand is
shown inFigure 3.1B. It was then expected théine tuningthe IMes ligand could improve
hyperpolarizatiorfficiency.On this notionin a 2018 publication, over 20-heterocyclic carbene
ligands were investigatefidr SABRE efficiency’’ However, none of the prospective candidates
could match the performance of the IMes catdlyshe studied conditiong o this day, the IMes
catalyst remains the golden standard for SABRE hyperpolarizatidis employed worldwide.
3.2 Spin Order Transfer

In hyperpolarizatiormodalities, a taxing piece of the process is being able to transfer the
spin order fronthe ordered source of spim magnetization on target nucl&his holds true for
the case of SABRE. Here, parahydrogen is very easy to generate, as discGésgudan 2
however transferring the spin ordesm parahydrogemo a target substrate less trivial.To
tackle this problem, we revert to the concept of levelenaissings (LACs) between coupled
spin stateso explain spin order transféro set the stag®r the discussion of LACs, the spin
system generated under SABRE systems will first be introduced.

3.2.1: Spin Physics
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In SABRE, spinorder transfer occurs on the activated SABRE complex when both
parahydrogen and a target substrate are coordinatétis momentthe equatorial plane of the
activated SABRE complex becomes a tempodacpupling network between the parahydrogen
derived hydrides and atargethude n t he substrate. This spin net
system (when working at natur al i sotopic abul
inequivalent hydrides and B represent${aor heteronuclieon the target substrate. A schematic

representation of the spin system is showRigure 3.2A.
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Figure 3.2 [A] A schematic representation of tAeoupling network formed on the equatorial

plane of an active SABRE catalyst, gt he avail able spin states of
At low fields, the purpose of which will be discussed shortly, the hyd(ides a nate A6 )

in a strongly coupled reginfé To be in a strongly coupled regime, the interactions between

nuclei must be larger than their respective interactions with the environment. In other waids, the

coupling between the hydrides is larger tharréispectiveZeeman interactions ¢ 0 ). Thus,

the hydrides are best represerdsd single entitin the singlettriplet basis rather than a Zeeman

basisand are treated as such. The target nucleus, B, on the other hand is best represented in the

Zeeman basis and can take the valug @br | & Upon combinationthere are a total of eight

possible spin states between the hydrides and the target nli¢cleymssible spin states are shown

in Figure 3.2B. However in SABRE, the refreshment of parahydrogen creates complexes with

singlet order only. Therefore, it is appropriate to assumeotiigt|SUand |Sbé states will be
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present, at roughly 50% each, prior to polarization transfew that the spin system is known,
the description of LACs can be presented.
3.2.2: Level AntiCrossings

The concept of devel anticrossing LAC) is most efficiently communicatedwhen
working through an examplé€onsider a system of two distinct coupled spin st§itésnd |Hy at
di screte energy | evel s. Now, |l et 6s assume t he
This parameter in SABRis the magnetic fieldand will thus be treated as sudlonethelesgLa
initially starts at a lower energy and increases in energy as the magnetic field intnezm@sast
|[Hainitially starts at a higher energy and decreases in energy as the magnetic field increases.
Consequentlythe enggy levels are expected to croB®wever, in the case of coupled spin states,
the crossing is avoideds depicted ifrigure 3.3A. Here,|Lais analogous to|T:baand |Hais
analogous t¢6 d Instead, the spin statesx andprogress with the newly exchamtjaformation.
An illustration of the discussed spin flips on the activated SABRE catalyst is shdviguire
3.3B. There are many published documents that extensively describe LACs in the context of
SABREZ&'® Moreover, vork done by Ivanov edl. details the probability dfansitionsat LAC

conditions forvariousSABRE system&*
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Figure 3.3 [A] Schematic representation of an LAC betweebfiSnd |T:b& and[B] a schematic
illustrating the spin flips of the hydrides and target nuclei at the described LAC on a SABRE
catalyst.

LAC conditionsin SABRE systems can kmlculatedusing advanced software such as
MathematicaFirst, users must construct a Hamiltonian with respect to the spin systgspin
system analogous to the one described ab@as berepresentedising Equation 10. Here the
Hamiltonian is the sum of the Zeeman drabupling interactions of all spins.

[ U 0 0= VO U 0 0 Eq. 10

Upon transformation into the mixed singteplet basis,a matrixrepresentation othe
Hamiltonian can be constructed and is showifrigure 3.4 The construction of the matrix in
Mathematica can be found in AppendixTe matrix allows easy analysis of spin states, energies,
and corresponding coherenckaracterizing termsAfter simplification,two 3x3 and two 1x1
blocksemergein the matrix>® In each ofthe resulting 3x3 blocks 2x2 matrix block existhat
connecs the singlet state of the parahydrogen derived hydrides to a Zeeman state on a target
nucleus(off-diagonalelemens i 0). These specific transitions are highlighted with boxes in
Figure 3.4 The diagonalelementgepresent the spin séaf whereas theff-diagonalelenents
characterizeoherences between the states.
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Figure 3.4 Matrix representation ahe Hamiltonian for a-3pin SABRE system.

LACs arise when coupled states (where coherences exmst@rge in energy, as previously
discussed® Thus, to elucidate LACs, the diagonal elements in the 2x2 matrix blocks should be set
equal. The equation can then be solved for the corresponding magnetic field. At the resulting
magnetic fields, the offliagonal coherence elements become dominant arergspin evolution.

Since diagonal terms in therggty matrix are frequency dependent, altering the magnetic field is
capable of producing near equivalent energy states, giving rise t@waAd@tions The simplified
equatiorwhen solving for the magnetiield to calculate LACs is shown iBquation 11. For H
hyperpolarizationspin order is efficiently transferred at fields in the mT regimehis regime,

the difference in chemical shift between the derived hydrides and the Ydrgetclei on the
substrate are near zero. Heteronuclear targetthe other hantiave a larger frequency difference
when compared to the hydrides ( ' ). For this reason, much lower fields are needed to

achieve the described matching conditi#hSpecifically, matching conditions for heteronuclei

arise in the uT regime.
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o — Eq. 11

It is relatively easyo produce mT fields foiH polarization Simply wrapping a cylindrical
scaffold with layers of thinconductingwire is sufficient for producing a homogenous, tunable
field. Using Equation 12, a desiredield inside the solenoid, Rc, can be set by altering the
current,l, in the coll H eolis ¢he magnetic permeability of free space, amslthe number of
turns per unit of measurement.

o Ne) Eq. 12

However, the same experimental ease does not appiyet LAC conditionsfor
heteronuclei such &8N and3C, where acceds the uT regimes required Thedesired fields are
roughly an order of magnitude lowerthara r t hés magneti dof igeherat e~ 5 (
bel ow Ear t h o smagneticsmedding is requiieck In @015, Thies et al. published a
widely adapted experimental approach for hyperpolariagtgronuclear targets, specificatin
nuclei®®® The technique was termed SABRE in Shield EnabMignment Transfer to
Heternuclei SABRESHEATH) s i nc e-mdtahteshieldt & r t h dAssdldnaideahn d
be used in tandemith the magnetic shieldgt o mani pul ate the fitel d str
optimizeLAC conditions for efficient spin order transfer
3.3 Experimental Approaches

Since the original experimenity Ducket and colleague€ SABRE quickly evolved into
an emergingindependent field of its owit€onsequently, the experimental approaches adapted as
well to best serve the advang knowledge. This subsection details cutting edge experimental

approaches currently employed in hyperpolarization labs with ties to the past.

3.3.1: Samples
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During hyperpolarization, the SABR&ystemconsiss of actively forming and breaking
bonds to hydrogersubstratesand solvent. Although the reactivity of the SABRE system is
instrumental for generating polarization, it also indicates that the system is relatig&pleand
sensitiveto the environmeniTherefore for best results it is important to treat sample preparation
with care and diligence.

It is important in SABRE sample preparation to work in an oxygen and water free
environment. Oxygen is a paramagnetic molecule capable of inducing relaxation and it can also
bind to active SABRE complexes to form permanent inactive sp&desvater is less of a
concernhowever|t has been shown tmordinate to the activated SABRE complekjch could
hinder reproducibility in experiment8 It is for these reasons that SABRE sample preparation
should follow standard Schlenk line procedur@doreover, this means that all solvents and
substrates used should be dried and degassed prior to use.

SABRE hyperpolarization is mogfficient usingmethanol as a solverih methanol, the
golden standard SABRpre-catalyst, IMescatalyst(discussed irsection 3.1.2, has solubility
issuegust above 2 mM. Therefore, the catalyst concentration in most SABRE experiments are
below this, and are commonly chosen to be ~5rAMubstrate ratio ranging from -f6ld to 20
fold of the catalyst concentrationtisengenerallychosen This ensures that there are always free
substrates in solution available to interact with the catalyst. Especially considering that more than
onesubstrate can bind to the catalyst at a time, and that dissociated substrates can also reassociate.
Thus,substrateeoncentrations typically rgefrom 20mM to 100mM

A standard sample preparation procedure will now be desckbyet.deuterated methanol
was degassed using a freguenpthaw methodSecond, following Schlenk line procedures, a

solution of 60 mM substrate and 3 mM jma&talyst wasnixedin 600 pL of C3OD under inert
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gas (Ar). The relative concentrations result in a substrate to catalyst equivalence of 20:1. All
samples were formulated directly in a 70 medi
3.3.2 Parahydrogen Integration

Introducing parahydrogen into the SABRE sample has been an ongoing development in
SABRE strategies Currently, there are three methods used for this proddss list includes
fishake and drap capillarybubbling, and gakquid semipermeable membranes.

The literature is dominated by shake and drop methodologies due to the ease and efficiency
of the approau.’®71839193|n this method, a SABRE sample is first preparechiNBIR tube. The
sample is pressurized with parahydrogen and Heahed After the sample is pressurized, it is
shakervigorouslyto maximize hydrogen diffusiofrinally, the sample is transferred for detection
as quickly as possibleften quite chaotically to mitigateyperpolarizatiordecay.These methods
are quite simple and do not require advanced engineétogever, the shake and drop method
has its limitations. First, the technique has low reproducibility as the shaking process varies
between expementalists. Second, the sample needs to be depressurized and then pressurized
again to replenish the parahydrogérhis needs to be done cautiously to mitigate oxygen
contamination.Lastly, residual orthohydrogen (used parahydrogen) prevents the sample from
reaching polarization values generated in the first attefmt these reasons, shake and drop
experiments are oftazneshotexperiments

In the bubbling method, parahydrogen dkmsvs through a capillary that is directly
inserted into an NMR tul:6568.90.949%5ystems for this method need to be engineered such that
bubbling can occur at elevated pressofeenat 100 psiHere, the bubblinganefficiently mix
the solutionto maximize hydrogen diffusigrwhich eliminates the need for shaking. Thus, the

bubbling approach largely mitigates user caused variances that are expected in shake and drop
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methods. Furthermore, parahydrogen can be refreshed continuously without pressure drops or
opening the system up to air. This control makes bubbling the preferred technique for
reproducibility.Capillary lubblingsystems were engineered to perform all experiments discussed
in this documenfchapters 4-7).

Introducing parahydrogen via a hydrogen -ti@sid semipermeable membrane that
encapsulate the sample have also been shown in lite?&fihe theory, these approaches should
be able to increase parahydrogen diffusion since thdéiqad interface is maximizedoreover,
selective permeable membranes can continuously hyperpolarize and detegila at the same
time without broadening effects caused by bubbliigwever, hese systems hamet yet reached
par with polarization generated shake and drop and bubbling methoddditionally, these
systems often require significantly larger sample sizes and have the bonus complexity of fluid
dynamics.
3.3.3: Field Cycling

In SABRE modalities matching conditions necessary for efficient spin order traasfer
described insection 3.2.2with the concept of LACsare achieved at low magnetic fields
Specifically,*H hyperpolarizations most efficient in the mT regime, wherdseronuclei, such
as™ and®®C,aremost ef ficient in the €T regime. Sinc
than standard magnetic fields used for detection (>1T), the sample momsivied, orcycled
Experimentally, this is achieved by physically moving the sample from a lowuseld to build
up polarizatiorto a high fieldusedfor detectionA picture depicting solenoids and shields used to

access the mT and uT reginmechapters 47 are depicted ifrigure 3.5.
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[A] (B]

Figure 35. [A] mu-Metal shields and small coil used to acces©<Il, and [ B] | arge
used for generating mT fields.

To circumvent user variations during the transfer process from low field to detection field,
novel shuttling systems have been develdp€d'® These systems can be automated, greatly
reducing the experimentalurden on researchers or professiaridisreover, hese robust systems

offer highly reproducible experiments in quick succession.
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CHAPTER 4: Hyperpolarization of Common Antifungal Agents with SABRE
From:
MacCulloch, Keilian, et al. "Hyperpolarization of common antifungal agents with
SABRE."Magnetic Resonance in Chemish§.12 (2021): 1228.235.

Abstract: Signal amplification by reversible exchange (SABRE) is a robust and inexpensive
hyperpolarization (HP) technique to enhance nuclear magnetic resonance (NMR) spectroscopy
and magnetic resonance imaging (MRI) signals using parahydrmpgéh The substrate scope of
SABRE is continually expanding. Here, we present the polarization of three antifungal drugs
(voriconazole, clotrimazole, and fluconazole) and elicit the detailed HP mechanistiséod
15N nuclei. In this exploratory work?N polarizaton values of 1% were achieved using S0P
in solution of 3mM catalyst and 66nM substrate in perdeuterated methanol. All hyperpolarized
15N sites exhibited longlin excess of 1 min at a clinically relevant field of 1 T. Hyperpolarizing
common drugs is of interest due to their potential biomedical applications as MRI contrast agents
or to enable studies on protein dynamics at physiological concentrations. Wezeptirai
polarization with respect to temperature and the polarization transfer field & TH) nuclei in
the millitesla regime and fdPN nuclei in the microtesla regime, which provides detailed insights
into exchange kinetics and spin evolution. This work broadens the SABRE substrate scope and
provides mechanistic and kinetic insights into the HP process.
Chapter 4 Preface

The following chapters switch gears from introductory mataral theoryto the research
at the center of this PhD. This research highligmsll contributios to thelarger,cutting-edge
field of scienceChapter 4 summarizes the first project | took on in a leading role as a graduate
student. At this point in time, SABREHEATH was still a relatively new technique. As such, the

exploration ofnewspin systerawas the uttermost importance to gain new insights into the spin
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dynamics governing the hyperpolarization process. For this reason, we chose to investigate a new
class of molecules that were significantly larger than previously hyperpolarized substrates with
SABRE, offering a more difficult taskn this work we elucidate the SABRE dynamics of
antifungal agents on the World Health Organizations Model List of Medicine. This work was
highlightedthrougha publication in the Journal of Magnetic Resonahtthis work, experiments
were conducted by Keilian MacCullocAustin Browning and Patrick TomHanresults were
analyzed by Keilian MacCullocRatrick TomHonand Thomas Theis; the manuscript was written
by Keilian MacCullocrandThomas Theis; and the manuscript was edited by Keilian MacCulloch,
Patrick TomHon, Ed Chekmenev, and Thomas Theis.
4.1: Introduction

Nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging (MRI)
are indispensable tools with a wide variety of applications. These noninvasive techniques operate
without ionizing radiation and have an unparalleled ability to elucidatgphotogical and
chemical structure. However, the low absolute sensitivity of NMR and MRI makes studying
complexmetabolic dynamics at physiological conditions difficult. NMR and MRI employ small
population differences in the nuclear spin states at thenpaddrization. In contrast,
hyperpolarization (HP) generates much larger nuclear spin population differences (up to the order
of unity or 1¢ i 10° -fold at 9.4 T), enabling the preparation of biomolecular magnetic resonance
contrast agents fan vivosensind ° Specifically, contrast agents with legamma heteronuclear,
for example®N or 13C, polarization are of growing interest because heteronuclear signal does not
have to compete with thermal proton background and because heteronuclei typically have

extended HP lifetimes on the order of minutes

44



Several HP methods have been develdg€tSuch methods include dynamic nuclear
polarization (DNP)!! spin-exchange optical pumping (SEOP)* and parahydrogen induced
polarization (PHIPFY>? The latter has emerged as a promising method to achieve high
polarization using inexpensive instrumentation (~$10,000) on a broad range of substrates in under
a minute?2030:101pgrahydrogenpH.), the singlet spin isomer of dihydrogen, is a source of spin
order that was first used to hyperpolarize molecular agents directly via hydrogeffattéa
decade ago, a new ntiydrogenative PHIP modality was introduced to englble driven HP
without chemical modification, called signal amplification by reversible exchange
(SABRE)?"?874SABRE not only broadens the scope of accessible compounpldfdrased HP
but also enables continuous regeneration of hyperpolarized sub¥ffate.

SABRE employs a transition metal catalyst (e.g., hexacoordinétées complex}* that
reversibly bindpH. and a target substrate, that is, antifungals in the present work, as illustrated in
Figure 4.1A. Spin order is transferred fropH. to the antifungals through the scalar coupling
network within the center of the temporary transition metal compl&kis dynamic chemical
exchange yields a continuous buildup of hyperpolarized substrate free in solution at room
temperaturé® Two general approaches relying to leaet-crossinghave been developed for
polarization transfer fromH,-derived hydrides to the target nucleus of the substt4té8In one
approach, radifrequency (RF) pulses can be employed to establish PAELS 10 ternatively,
static magnetic fields can be employed to create lamgtcrossing(LAC). For *H nuclei,
maximum SABRE polarization is generated at mT fiéld§."*84*For heteronuclei, maximum
pol arization is generated by shielding earth'’

was called SABRE in SHield Enables Alignment Transfer to Heteronuclei (SABRE
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SHEATH) 8889107 Details of thefield dependent polarization transfer are presented in the

discussion.

Voriconazole Clotrimazole Fluconazole

Figure 4.1 [A] Ir-IMes catalyst reversibly bindingH> and a target drugpHo reversibly binds to
the catalyst on the left while a drug reversibly binds on the right in the equatorial plane (note the
axial ligands are not exchangeable). Spin order is transferred frgphlttterived hydrides to the
drug through scalar couplind®] Molecular structure of the three target antifungal drugs studied
here.

Recent work has demonstrated the extension of the SABRE substrate scope to include a
wide range of common drutf8 1?2 and metabolite&*°11131144ere, we extend the current scope
of biologically relevant SABRE substrates to top antifungals, voriconazole, clotrimazole, and
fluconazole (se€igure 4.1Bfor molecular structures). All three drugs are on the Worlds Health's
Organizations Model List of Essential Medicifé3For each drug, we investigatel and*°N

polarization transfer fields (PTFs), solution temperature, ‘aNdrelaxation dynamics at three
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relevant magnetic fields: high field of 9.4 T, clinically relevant field of 1.0 T, and optimum PTF
of approximately 0.6 ¢T. These studies demons
mechanistic insights into the SABRE chemistry and spin dynalidkiree antifungals are azole
type (imidazole and triazole derivatives), which is the largest class of antimycotic drugs in clinical
usel’® Drugs of this class interfere with the biosynthesis of ergosterol, a key component of the
fungal cytoplasmic membraf&. Voriconazole and fluconazole are primarily used for
immunocompromised patients with sevenéections, 118120 whereas clotrimazole is a go
ointment for athlete's foot, jock itch, and ringwotth!??
4.2: Hyperpolarized 'H and >N Spectra

In Figure 4.2, we present théH and'®N SABRE spectra for the three HP antifungals (3
mM catalyst and 60nM substrate in CD30D) at 9.4 T. AN data are obtained witltN at
natural abundance of ~0.4%.For all compoundsH HP was created at 6.5 mT, wher&as HP
was created at 0.6 eT. Al protons on the cat
and imidazole) display cledd SABRE enhancement. In th¥ spectra, we observe enhancement
on the nitrogens that interact directly with the SABRE catalyst, not on nitrogens that do not bind
to the Ir center. This is in line with the results obtained in natural abundance metronidazole
studiest’109124The likely explanation is that the isotopomers WitK in the nonbinding distant
positions carry*N in the binding nitrogen. As a result, heg-rangespiri spin couplings between
pH.-derived hydrides and the distaPN sites are too weak for direct polarization transfer, whereas
the spinrelayed polarization transféf requires a relay of oreor two- bond *Ni N spin
couplings for polarization transfer from the bindif)l to distant'>N sites'*®?5 At natural
abundance, such spin relays are virtually nonexistent. Maxifilm enhancement s ( U

polarization (PHP) were calculated using a thermal reference spectrum of labeled pyridine
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following a previously reported methétf.Specifically, the polarization is given IBup = Sup/Sret
x CreffCHpP X Pref, Where S is signal, c is concentration, &g polarization of the hyperpolarized

spins and the reference spins, respectively. The thermal polarization is calcuRded ast asq h ( 2

Bok /&R.

48



[A] Voriconazole Clotrimazole Fluconazole

H2

H

15
“‘W”JWW /' £,=3300 JJU«W N

£ = 1900 € =~ 3600 -~
™ P =1.1% n '\ £ = 3000 ’\
-~ 0 P =1.2% -~ 0;
meo.e/o\l Ny [Nz . Ns P, = 1.0% |N4
BEI}D I 34I10 I 360 . 2(%(] I 22IO 3E‘30 I 3-‘-I10 I 3[I)(] I ZéU I Zé(] BéU I 34IU I EGID I 26ID : 22ID
Chemical Shift [ppm]
[B] F F
Cl O Hs
F F N5<
Dand
: H
OH: ’ Hs N H7 OH \(
Hae N F F s/ N'N Ho o
X N N3 P/
Nz_/< He )LN4
Hz He
Voriconazole Clotrimazole Fluconazole

Figure 4.2. [A] H (i-iii) and N (iv-vi) NMR spectra of SABRE hyperpolarized, voriconazole,
clotrimazole, and fluconazok® mM catalyst and 6@nM substrate in CBDD) with maximum
observed enhancemenés) for eachhyperpolarized peakH HP (green) was generated at a PTF
of 6.5mT at room temperature (Z&) and detected at 9.4 T and is overlayed with a thermal
reference spectrum (blackIN HP was generated at a PTF of 0.6 uT and &C4&nd detected at
9.4T. [B] Molecular structure of the three antifungal drugs with highlighted nuclei where HP was

observed.
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4.3: Transfer Field Dependence
The optimum PTF for different substrates varies due to the SABRE matching conditions.
This relationship is dictated by the relationship between the differences dfctheling and
Larmor frequency of the hydrides and target nuctéi® Polarization transfer occurs most
efficiently at LACs between spin stafészor *H nuclei, the LAC is in the mT regime, whereas
the LACfor'™>N nucl ei i s 2 Anthesehespedtive fieldecauplings between nuclei
are on the order of their respective Zeeman interactions. As illustrategline 4.3, we optimized
the PTF for each drug by conducting magnetic

fields using our automated pneumatic shuttling sétup.
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Figure 4.3. H (A-C) and®®N (D-F) SABRE PTF optimization for voriconazole, clotrimazole and
fluconazole. Plots display the signal intensity at various PTFs (the intensity on proton plots are
inverted to emphasize signal enhancement). Field sweeps-80nto +30 mT with 2 mT
increments for'H and-3.3 to +3.3 uT with 0.3 uT increments foN unveil the optimal PTFs for
each drug and nucleudd PTF optimization performed at RT (28), >N PTF optimization
performed at 45C.

The optimum field forH HP was investigated with a PTF sweep from 30 to +30 mT with
2-mT increments, as illustrated fiigure 4.3AT C. All protons that were hyperpolarized achieved
a maximum at an applied magnetic field of 6 mT, with an additional local maximum at 6 mT. The
observed similarity between field dependences across the three drugs can be explained by the
chemical similarity ball substrates under investigation, where all hyperpolarized protons are part
of a nitrogen containing heterocycle.

An important feature of the field dependencies is the width of the window over which the

compounds strongly polarize (>0.5 normalized intensity, i.e., full width at thehbight
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(FWHH); seesection 4.dor the full depiction of the polarization transfer width [PTW] for each
substituent). In this paper, we refer to this width as the PTW (in magnetic field units). All protons
have a PTW of ~2.5 mT, aside from the pyrimidine substituent on voriconazole, \akielHFTW
of ~6 mT as can be seenkigure 4.3A. The difference in width is likely due to the difference in
exchange rate between sandfive-membered heterocycles at the catalytic center. To support this
claim, we also analyd the spectral line broadening of the pyrimidine and triazole substituents on
voriconazole andound that pyrimidine lines are on average broader than the triazole lines, as
detailed insection 4.7 Five-membered nitrogenontaining heterocycles tend to form stronger
bonds to the HMes HP catalyst compared with sixembered nitrogencontaining
heterocycle$*1?” Because exchange processes have been shown to broaden the PTW on both
metronidazole and acetonitrité®'?°a slower exchange rate will be associated wittaaower
PTW. Hence, the PTW is larger for faster exchanging substrates, that is, pyrimidine, compared
with slower exchanging substrates, that is, triazole.

The HP of'®N nuclei was investigated with a PTF sweepf@m 6 t o + 3 .-e6T € T Wi
i ncrements. Maxi mum spin order transfer was a
(Figure 4.3D-F). Positive magnetic fields correspond to those where the field in the magnetic
shields and the higfield magnet are aligned. In contrastkbnuclei, for'>N nuclei, we observe
lowered and inverted polarization from negative PTFs, which are antialigned with the detection
field. This observation can be explainedtbg adiabaticity and relaxation from neighboring spin
% nuclei during shuttling as detailed in the proceeding paragraphs

The reason for the inverted polarization resides in the adiabaticity during the shuttling
process. If the PTF anchBAre aligned, then spin transport from the PTF to the detection field can

be expected to be fully adiabatic. However, if the directionality of the magnetic field flips during
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sample transfer, then adiabatic transfer is not guaranteed. For nuclei with high Larmor frequencies
(e.g.,*H), the spins adiabatically follow the magnetic field variation. In other words, higher gamma
nuclei experience larger interactions with the magnetic field, and the polarization fully inverts
during shuttling. Therefore, for protons, the observed signalya has the same phase irrespective

of the direction of the PTF.

In contrast, for nuclei with low gyromagnetic ratios (elg\N), the spins are unable to
follow an inversion of the magnetic field during the shuttling process. In this case, the transfer is
better modeled by a sudden process, where the observed signal reflects the alignment created in
the shields.

We attribute the lower magnitude of the inverted signals to dephasing processes resulting
from interactions with neighboring protons when shuttling through zero crossings (directionality
flip of the magnetic field). Because the hyperpolariZ®tl nuclei couple to protons two bonds
away (e.g.,Jniv & 12 Hz for the active pyrimidine
relaxation/dephasing can be expected at the zero crossing. This loss of sighahodei is not
observed for acetonitrittbecause the nearest proton is three bonds away and only weakly couples
(Qvnd 1.7 Hz). Additionally, d®Neompared dithinT or e nt
H), samples during®N HP experiments will experience a greater duration around the zero
crossing during shuttling.

As we detail in the next sectiofiN HP strongly depends on temperature. For the presented
PTF sweeps, increasing the temperature was necessary to improvéNthmlarization.
Additionally, we note that smaller increments in the field sweeps access more accurate
optimization of the PTF.

4.4: Temperature Dependence
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SABRE is a chemical process that relies on the reversible simultaneous chemical exchange
of pH2 and a target the-hyperpolarized substrate on the catalyst. The exchange rates of these two
processes have a critical impact on the polarization efficiency of free substrate mofedges.
studied polarization transfer temperatures from room temperaturéCj2& 50 °C in 5 °C
increments to shed light on such dynamicstkband®N nuclei on the three antifungal drugs, as
illustrated inFigure 4.4. Due to the boiling point (64.°C) of the solvent, methanol, and heating
limitations of the experimental setup, the highest applied effective temperaturéGs d&spite
increasing polarization up to the maximum temperature 6€50

In contrast to'H nuclei, where generally a trend to increasing polarization is observed at
higher temperature§igure 4.4A-C), the polarization efficiency fdPN increased as temperature
increased for all studied functional grougsglre 4.4D-F). This discrepancy in temperature
dependence between thé and®N nuclei is because spin order transfer speed depends on the
coupling of the hydrides to the target nucleus. As the nitrogen coupling to the hydrides (~28 Hz;
seesection 4.8is higher than the &strate proton couplings to the hydrides (~1.5¥a)shorter
time at the catalyst iseeded for polarization transfer. Therefore, higher polarization on free target
molecules can be obtained N at higher temperatures where the ligand exchange rate is higher.
It is then evident that the ideal exchange rates®émuclei will be faster (higher temperature)
than that ofH nuclei on the same substrate.

Related to this effect is the behavior observe#igure 4.4A,D illustrating the detailed
temperature dependence of voriconazole HP. Voriconazole has two active substituents, which
display opposite trends regardibgmperature Kigure 4.4A). The pyrimidine substituent had
maximum enhancements at 26 and 30°C, whereas the triazole substituent had maximum

enhancements at 4C. The pyrimidine substituent exchanges faster and has a weaker bond to the

54



Ir than the triazole substituent. Also, polarization transfer efficiency depends on a balance of
reaction turnover and sufficient time for polarization transfer. Therefore, polarization efficiency
drops off at slower and faster exchange rates when moway ftom the optimal temperature.
Accordingly, we expect the pyrimidine substituent to reach a maximum at lower temperatures
because it has weaker binding and faster exchange compared with the triazole substituent.
This behavior is also reflected in tfN data for voriconazoleF{gure 4.4D) as the two

curves cross as a function of temperature. At the lower temperatufastieexchanging (more
loosely bound) pyrimidine polarizes better, whereas at higher temperature, the slower exchanging

(more tightly bound) triazole group obtains moredHtRis trend is closely followed in tHél and

15N data.
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Figure 44. *H [A-C] and N [D-F] SABRE polarization temperature optimization for
voriconazole, clotrimazole and fluconazole. Plots display the signal intensity after hyperpolarizing
at various temperatures. Temperature sweeps were frédi@ @650°C in 5 °C increments. The

PTF was set to 68T for *H experiments and 06T for >N experiments.
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4.5: T1 Field Dependence

Finally, we report T lifetimes for hyperpolarized®N nuclei because these heteronuclei
can be associated with unusually long HP decay time corfStefithat are particularly important
for in vivo applicationst®! Also, N T: times have strong magnetic field dependences, and
therefore, we measured relaxation times at three different storage fields: high field (9.4 T),
polarizationf i el d (0. 6 €T), and clini Tahlédly Al leownt e
and at high fields (9.4 T}N relaxation times are relatively short, whereas at 1.0 T, the relaxation
times are above 1 min for all compounds. At high fields, the chemical shift anisotropy (CSA)
becomes very large and dominateld T, relaxation, lading to more efficient relaxatidd? At
l ow fields (eT), paramagnet i c r@Pandpalarizaion me c h ¢
may be relaxing in binding events to the SABRE catalyst with many spins that strongly couple to
the™ ™ site. At 1.0 T, both CSA and T relaxatic
longer relaxation times as desirable for applications of the reported compounds as hyperpolarized
contrast agents, which are already Food and Drug Administration (Bppidved in the non
hyperpolarized form
Table 4.1. N T; lifetimes for all HP substrateswith standard error generated lyono

exponential decagtata fitting

Field Voriconazole- Voriconazole- Clotrimazole- Fluconazole
Pyrimidine T1[s] Triazole T1[s] Imidazole Tis] Triazole Ti[s]

94T 137+06 230+11 152+0.5 235+08
1T 96.9 + 92 83.5+7.8 605+ 3.0 7172+52
0. 6 ¢ 28.2+4.8 20.7 £2.0 13.5+0.8 26.0+1.9

4.6: Polarization Transfer Window
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As described in the main text, the polarization transfer window (PTW) is the width of the
window over which hyperpolarized nuclei achieve >0.5 normalized intensity (i.e. full width at half
height, FWHH inmT). The'H PTW for each substituent is depictedFigure 4.5 with grey
rectangles. Notably, the pyrimidine substituent has the largest PTW which is more than double

(6.5mT compared to 2.51T) of the PTW of all other substituents.
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Figure 4.5. 'H SABRE PTF optimization fofA] pyrimidine (PYR) and[B] triazole (TRI)
substituent on voriconazolg;] imidazole on clotrimazole arii] triazole on fluconazole. Plots
display the signal intensity at various PTF (plots are inverted). Field sweeps3fddm+30 mT

with 2 mT increments unveil the PTW (grey rectangles) for each hyperpolarized substituent on the

antifungals.

4.7. Peak Broadening

Proton line broadening analysis on the free substrate caused by chemical exchange is used
to support the claims made in the main text regarding relative exchange rates of 5 and 6 membered

heterocycles with the SABRE catalyst. The hyperpolarized prototieequyrimidine and triazole
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substituents on voriconazole were fit with Lorentzians in Mathematica to determimé thidth

at half max (FWHM), asillustrated inFigure 4.6.

(A) 3311 (B) (E)

Voriconazole
H'l — experimental H2 — experimental
(pyrimidine proton) " - fit {pyrimidine proton) -- fit F

(triazole proton)

T T T T
8.21 8.20 819 8.18 8.17 8.16 815 753 7.52 751 7.50 749 7.48 747

Figure 4.6. [A-D] ExperimentaltH NMR SABRE hyperpolarized voriconazole peaks ar@5
fitted with Lorentzians (dashed lindE] The chemical structure of voriconazole illustrates the
fitted proton peaks in the pyrimidine (A and B, blue) and the triazole (C and D, green).

The average FWHM of the two protons on each substituent, e.g.
(FWHM(H1)+FWHM(H))/2 for the pyrimidine substituent, is comparedTiable 4.2 At all
temperatures, the line broadening on the pyrimidine protons is larger than the triazole protons.
These calculations indicate that the pyrimidine substituent exchanges more rapidly on the SABRE
catalyst than the triazole substituent. This anabigigs with the similar claims made in the main

text regarding the effect of exchange on the PTW.
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Table 4.2. Average line broadening of protons on the pyrimidine and triazole substituents on

voriconazole at various temperatures extracted from Mathematica fits.

T (°C) Pyrimidine Triazole
linewidth (Hz) linewidth (Hz)
25 2.31 2.18
30 2.48 2.31
35 2.65 2.47
40 2.84 2.62
45 3.30 2.76
50 3.34 2.98

4.8 Hydride -Substrate Coupling
An antiphase peak appearest223.20ppm) after a 1&can'>N HP experiment at 5¢C,
as shown irFigure 4.7. Thispeak correlates to a bound species of clotrimazole and the SABRE

catalyst. The measured coupling from the hydride td*éyperpolarized nucleus is ~B&.
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Figure 4.7. A 16-scan*®>N HP experiment with clotrimazole at 3G unveils a bound peak with a
27.72Hz antiphase splitting. The splitting correlates to the coupling fron®®sh&lP nucleus to
the hydride on the SABRE catalyst.
4.9: Reproducibility

Figure 4.8 shows a representative example of antifungal hyperpolarization, specifically
SABRE of voriconazole. By repeating the same experiment under identical conditions three times
the errors are found to be on the order of 0.5 to 5%. The individual errors are provided in the inset
tablein Figure 4.8. Accordingly, we proceed in the manuscript with providing two to three

significant digits for enhancement values.
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B Trial 1
Proton H1 H2 Hs Ha
B Trial2
. 3 142406 | 47.2+09 | 180+02 | 22.2+0.1
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Figure 4.8. Overlay of three subsequent hyperpolarization experiments under identical conditions.
The errors are computed based on the three depicted experiments. Sa88mph atalyst and
60 mM voriconazole, in CBOD, bubbled with 50%H. at 100 psi for 6@ before each individual
transient. (Red and green transients are barely visible because of the strong overlap with the blue
transient.)
4.10: Conclusion
In this study, three antifungal drugs, voriconazole, clotrimazole, and fluconazole, were
hyperpolarized via SABRE. The spin dynamics and SABRE mechanics were elucidated by
studying*H and®N PTFs, solution temperature, aiil relaxation dynamics for all three drugs.
Several effects were observed when studying the PTF dependence. The observed optimum
fields in these experiments mirror previously studied nitrogen heterocycles and reflect expected
values from LAC conditions (~6.5mTfo and 0 °8). Eludidatédanrthis study is the

dependence of the polarization transfer window (PTW) on the exchange rates (controlled by the
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temperature) of the substrate at the polarization transfer catalyst. Specifically, faster exchanging
functional group, such as triazole, will have a narrower PTW than slower exchanging pyrimidine.
We also illustrated the significance that the relativectivas of the PTF and detection field impact
polarization levels. For bottH and®N, optimum polarization was achieved with a PTF parallel
to the detection field (8> PTF > 0). When arranged in the opposite directiay™B > PTF), the
'H NMR signal isvery similar but slightly lower. In contrast, an antiparallel PTFftr nuclei
drastically decreases the observed HP. The reason for the effect is the adiabatic or nonadiabatic
shuttling into the high magnetic field for detection. Thus, the observed PTW for an antiparallel B
depends on the shuttling rate and the gyromagnetic ratio of the studied nucleus.

The temperature dependence studies revealetPthpolarization efficiency is maximized
at higher temperature thaH. The reason behind this is the stronger coupling oft@uclei to
the hydrides at the catalytic center compared WithThis results irfaster spin order transfer,
polarizing N nuclei faster thartH nuclei. Thus, if the substrate exchanges faster at higher
temperatures, moréN polarization is built up on free substrates in solution. To our knowledge,
this is the first time such dymics have been proven experimentally. Aside from increasing
temperature, the addition of -soibstrate$®*"* and employing different cataly$ts’ are
alternative methods to manipulate exchatie.

The achieved 8y was approximately 1% for all binding heterocyclic nitrogen sites using
50% pHo. If nearly 100%pH; would be employed, the polarization would be triglédoreover,
due to experimental limitations, the buildups were performed fed 3fiven the buildup constants
(Table 4.1) in the range of up to 28s, thdditional Rsn boost by up to 14old is expected if the
samples were allowed to fully establi$tN polarization. Addressing these two experimental

limitations would boost Bn to over 45%. Furthermore, the variable temperature experiments
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(Figure 4.4) clearly indicate that additional substantiat\Hs potentially feasible in addition to

those discussed above. Therefore, we anticipate that these antifungal drugs can be potentially
hyperpolarized to the levels similar to those of metronidazole, which can be hyperpolarized to
remarkable levels with 1B\ exceeding 50% under optimized conditidh&Vhile the reported
compounds have been studied at natural abundd@Nckevel, we anticipate that the synthetic
strategies can be developed to achieve excelfdhtenrichment similarly to the recent work
demonstrated for a wide range of biomolectiie¥? including most notably structurally similar
antibiotics metronidazole and nimorazété!* These opportunities to developed new HP drugs
certainly bode well for future biomedical translation of these antifungal agents as novel MRI
contrast agents.

Lastly, we found increased, Tifetimes of°N nuclei by reducing relaxation effects active
at high field (~10 T) a n di lifetones afeieddnded forGall 6 € T
hyperpolarized®N nuclei to over 1 min by storing the sample at the clinically relevant field of 1.0
T.

This work demonstrates the extension of SABRE HP to common drugs, increasing the MR
detection sensitivity. These results emphasize the broad application of SABRE HP to bulky
nitrogen heterocycleased compounds. Additionally, the methods presented othkneelative
simplicity in optimizing the efficiency of SABRE HP for many compounds. The results and
methods described in this work could be applied to future work in the development of fast SABRE
screening of drug targets or for protein dynamic studieneiabolic studies including those at
natural abundance level dfN. Specifically, we expect significant impact 8N and other
heteronuclear HP for these studies, accessing metabolic monitoring on physiological timescales

and high impact-D heteronuclear NMR that would not be accessible with other methods
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4.11: Materials and Methods

Chemicals Voriconazole, fluconazole, and clotrimazole were purchased from VWR and
were used as received. €D (CAS 81198-3, 99.8% D) was purchased through Cambridge
Isotope Laboratories and was degassed using a fimang thaw method prior to experimental
use. The precatalyst, [Ir(IMes)(COD)CI] (IMes = i3 (2,4,6trimethylphenyl)imidazob-
ylidene, COD =1,5 cyclooctadiene), was synthesized in lab with commercially available starting
materials following a previously published procedtire.

Sample preparation: A solution of 66mM substrate (substrate = voriconazole,
clotrimazole, or fluconazole) andBM pr ecat al yst was dissolved i
inert gas (Ar) conditions. The relative concentrations result in a substrate to catalyst equivalence
of 20:1 All samples were formulated directly in a 700 medium wall pressure NMR tube (Wilmad
524-PV-7).

Field dependence:All experiments were performed using our automated pneumatic
shuttling systemt’! Samples were first connected to our hebs#t pHz generator that utilizes
liquid nitrogen cooledron(lll)oxide-hydroxidefor generation of 50%H,. A degaussing unit,
direct current (DC) power supply, and homemade coil were used to access mT fields. A coil within
mumet al shiel ding gener at-SHEATH &xpdrimentipldsvasthenqu i r e d
bubbled through samples at 100 psi an8for 10min to allow for catalyst activation. Activation
is visibly detectable for all three drugs as theocdf the solution changes from the classic Ir
IMes-yellow to clear. (We note that the color does not change to clear for all SABRE substrates,
e.g., metronidazole.) PTF sweeps were then conducted by sample cycling to various low fields
with pHz bubbling for 30s and then shuttling the samples to high field for detection (Bruker

Ascend 9.4 T with Neo Avance console). A standard delay time of @@&s implemented
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postdetection. We study polarization transfer from 30 to 30 mT witif 2ncrements fotH nuclei
and 3.3 to -8T3i atr efiNenictei® N Betd rsweeps required heating the
solution to generate quantifiable signals {&3.

Temperature dependenceTemperature dependence studies immediately proceeded the
field sweeps. Temperature regulation is achieved through nitrogen gas from the Bruker VT
interface. The temperature dependence study commenced at a prograni@dd@sasingoy 5
°C to 50 °C (the boiling point of CD30D, 65.4C, restricted higher temperature). Approximately
10 min was employed in between increments to ensure temperature calibration. Samples were
shuttled from high field to low field (6.5 mTfdH an d 0 *8) foe30s of pslarbubbling
before shuttling back down to high field for detection. We note that during trssd@tay, the
sample undergoes coolidgherefore, the reported temperature is reported as effective
temperature.

T1 lifetimes: Samples were shuttled to low field (6.5 mTHr and 0PNgfore30s f or
of bubbling and then stored at either high field (9.4 T), 1 T, or low field for various times before
detection. Two and four seconds were necessary for transportation to high field storage and 1
storage, respectively. A delay time of 20/as implemented podétection.

Chapter 4 Acknowledgements

Research reported in this publication was supported by the National Institute of Biomedical
Imaging and Bioengineering of the National Institutes of Health under Award Numbers NiH R21
EB025313 and NIH RO1EB029829. The content is solely the responsibitity authors and does
not necessarily represent the official views of the National Institutes of Health. In addition, we

acknowledge funding from the North Carolina Biotechnology Center through the Translational

66



Research Grant 20IBRG-6707. Furthermore, we acknowledge funding from the Mallinckrodt

Foundation.

67



CHAPTER 5: Parahydrogen in Reversible Exchange Induces Lonrbgived °N
Hyperpolarization of Anticancer Drugs Anastrozole and Letrozole
From:
MacCulloch, Keilian, et al. "Parahydrogen in Reversible Exchange InducesLieuy°N
Hyperpolarization of Anticancer Drugs Anastrozole and Letrozéledlytical
Chemistry(2023).

Abstract: Hyperpolarization modalities overcome the sensitivity limitations of NMR and unlock
new applications. Signal amplification by reversible exchange (SABRE) is a particularly cheap,
quick, and robust hyperpolarization modality. Here, we employ SABRE fortsinedus chemical
exchange of parahydrogen andrile containinganticancer drugs (letrozole or anastrozole) to
enhance!®N polarization. Distinct substrates require unique optimal parameter sets, including
temperature, magnetic field, or a shdpgagnetic field profile. The fine tuning of these parameters
for individual substrates is demonstrated here to maxitiltepolarization. After optimization,
including the us ag'® nmlei orpconimereadticancer dfugseldtrozslg and h e
anastrozol e, can be pol ari zed wi thin 171 2 mi
corresponding td°N signal enhancement of over 280,60 at a clinically relevant magnetic
field of 1 T. This sensitivity gain enables polarization studies at natatalindant>N enrichment
level (0.4%). Moreover, the nitril¥N sites enable lontasting polarization storage witfPN]T1
over 9 min, enabling signal detection from a single hyperpolarization cycle for over 30 min.
Chapter 5 Preface

Continuingwith the goals set out to expand the SABRE substrate scope and develop spin
dynamic knowledge, we sought out to add anticancer drugs to theelistavailable targets
Hyperpolarizing anticancer drugs can lead to more sensitive drug screening and trace analysis in

urine samples for determining efficacy. Moreover pggormedurther optimization studies than

the ones described in chapter 4 to push the polarizatiofiNoto over 10%. This work was
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published in the Journal of Analytical Chemistry. In this work, experiments were conducted by
Keilian MacCulloch and Austin Browning; results were analyzed by Keilian MacCulloch , Ed
Chekmenev, and Thomas Theis; the manuscript was written by Keilian MacCahd Thomas
Theis; and the manuscript was edited by Keilian MacCulloch, Patrick TomHon, Ed Chekmenev,
and Thomas Theis.

5.1: Introduction

Nuclear magnetic resonance (NMR) is a leading tool for qualifying, quantifying, and
monitoring molecules and their dynamics. The advantage of this nondestructive technique stems
from the inherent chemical shift resolution afforded by NMR, which offerstifumad and
structural information. However, NMR has inherently low sensitivity compared to other
spectroscopic methods. This is because of the minute thermal spin polariza@drat 3 Tfor
15N), even at high magnetic fieldslyperpolarization modalities increase the sensitivity of NMR
by perturbing thermal spin polarization toward unity. Thus, the increase in signal afforded by
hyperpolarization unlocks new doors for more sensitive applications using NMR.

Currently, thedominant hyperpolarization modality employed in tandem with NMR is
dynamic nuclear polarization (DNP¥ 152 DNP generates high levels of hyperpolarization on a
broad range of substrates, including water, and can directly hyperpolarizpesitic locations
on proteing>**>*However, in addition to being a lengthy process (on the order of tens of minutes),
instrumentation for DNP is expensiveDY M), requiring cryogenic temperatures, a
superconducting magnet, and higbwered microwave sourc&®. In contrast, signal
amplification by reversible exchange (SABRE§F8a parahydrogemduced polarization (PHIP)
technique?®®? can produce hyperpolarized (HP) substrates quidRly min or less) with little

instrumentation cos$20k).
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Nonetheless, SABRE often generates lower levels of hyperpolarization and has a more
limited substrate scope compared to DNP. Thus, significant effort has been made by the SABRE
community to not only optimize the hyperpolarization process for distinctratdgfroups but
also expand the substrate scope to various biologically relevant moldiesevious work has
paved the way for SABRE methods to be employed as a tool for fast, simple, and efficient
sensitivity boosters that can readily pair with current analytical methods. For instance, in addition
to pioneering | i gan drecenly, lbilty and nolleaguas demenstrated thieh D N
utility of using SABRE f or t h%%4hehtsworkyigamdst i on «
are first hyperpolarized in methanol. Then, the hyperpolarized solution is mixed with a protein
solution at a Yjunction prior to entering an aqueous flow cell. Furthermore, the work from Tessari
and colleagues showed the feasibitifydetecting amino acids and other metabolites in biological

fluids (e.g., urine) using SABRES 160

[ ] IMes [ ] Anti-Cancer Drugs
used -
p-Hz
/ﬁ/ J \(Drug ) .» (Dru r,\b}l N,
H/\H/ - ’/, AB\\\H 9/ e} 4 z
RN conginating
/ \ NN —*
5 /j f\[')ruf]t' (Drug) “— coordinating —» SN -
= ~— atoms
p-Ha2 HP Letrozole Anastrozole

L free substrate
1

Figure 5.1 [A] lllustration of parahydrogen and a drug reversibly binding to a transition metal
complex forming a temporary coupling network and [B] the anticancer drugs, letrozole and
anastrozole, with targétN nuclei (at natural isotopic abundance) highlighted in orange.

SABRE utilizes a transition metal catalyst that simultaneously and reversibly binds
parahydrogen (ptl and a target substrate. During the SABRE process, a tempocanpling
network forms between the plderived hydrides and target nuclei on the substrate. The active

SABRE complex and the correspondihgoupling network are illustrated Figure 5.1A. Spin
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order can be transferred to target nuclei througld ttmipling network by RF puls&s4161163 of

field cycling to low magnetic fields that approach leaati-crossing (LACs)8487126 SABRE
efficiency is controlled by exchange ratéspuplings, and Larmor frequencies of the spin system.
Therefore, distinct spin systems (different substrates) will have a unique optimal parameter set.
Fine tuning of these parameters for individual substrates is instrumental for efficient SABRE
hyperpolaization, where the primary key benchmark is the level of attainable polariZaiioi
polarization is denoted a¥IN]P in this document).

A number of FDAapproved drugs have been HP via SABRE, to date, including
metronidazol&®119128 grnidazole'® nimorazolet'! pyrazinamide, isoniazit® clotrimazole,
fluconazole, voriconazol®, and dalfampridiné®>1%® These drugs target hypoxia, tuberculosis,
fungal and bacterial infections, and multiple sclerosis. Moreover, they are HP via SABRE using
five- or sixmembered Mheterocyles rather than the nitrile moiety studied in this work. Here, we
utilize SABRE in SHeld Enables Alignment Transfer to Heteronuclei (SABREEATH) 2889
and coherent SABREEATH using pul sed?®deterbnuckelrdcopetotwo e x t €
bulky, nitrile-containing?® anticancer drugs, letrozole and anastrozole, as shofigtine 5.1B.

Both drugs are current generation aromatase inhibitors employed to combat breast’anter
are on the World Health Organization Model List of Essential Medicine, making them highly
attractive biological compounds.

Heteronuclei, such a®N, are attractive hyperpolarization targets because they have
virtually no background signal and are associated with longef@xation times®*3°DNP has
targeted'>N hyperpolarization since 20861 and is the most advanced hyperpolarization
technique employed for biochemical and biological stutli&SN-choline, for example, has been

a model compound for advancing application$®df hyperpolarization. In 2008, it was first used

71



in vitro to monitor the phosphorylation dPN-cholinel®® which is upregulated in cancer

metabolism. The firsin vivo demonstration of>N hyperpolarized nuclei was accomplished a
couple of years later, whefé€N-choline buildup was first detected spectroscopically in a rat
braint*! and later imaged: Further synthetic work improved the lifetime of HfN-cholinel’
Other endogenous molecules investigated by DNP include amino acids and c&iftihe.
Moreover, Durst and eworkers have alsperformed a comparison study of H®N-enriched
glutamine vs HP3C-enriched urea, where the former was more efficidlottplized to areas of
interest and was detected over 3 times longer than!(fremaddition, *®N-enriched molecules
acting as environmental sensors have also been investi§atét!’ For example, DNP
hyperpolarized®N-pyridine displayed a remarkable ability to elucidate pH, with over a 90 ppm
chemical shift di s pefQtheonatable DNPrypedolatizedN agents H r a n ¢
include azides and their derivativ€sas well as nitraté®® In addition to DNP studies, both
hydrogenative PHIP and nonhydrogenative SABRE demonstrated hyperpolarizatiéN- of
containing compounds, including choltfeand other!>N-hyperpolarized markef3:'8? For a
general overview mapping the progres&bfhyperpolarization using SABRE, we point to review
articles in re$26:64183.1848gsed on all this work, we envision the utility of these HP compounds
for more sensitive drug screening or as potential exogenous HP contrast agents. Moreover, because
aromatase inhibitors (including letrozole and anastrozole studied here) are exeaetadeyiwe
envision that these drugs and the products of their metabolism can potentially be detected in urine
samples, paving the way to new applications in the context of cancer management

Here, we perform hyperpolarization builgh and lifetime studies and then optimize the
hyperpolarization process with respect to solution temperature and polarization transfer field

(PTF) , including pulsed €T fi eltdlcoupliagtisniodte op't
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efficient at transferring spin order from hydrides to substrates. The optimum PTF is dictated by a
levelanti-crossingLAC) between hydride and substrate spin states. The LAC is established when
t he hydr iJdomplingwrd the foeg@uency difference between hydride and substrate spins
are very close to each other. In the case of hydfdesystems, like the one studied here, the
opti mal PTF is typically found at 0.3 €T

The presented series of experimental optimization studies reaches high (>10%) and long
lived ([**N]T1 over 9 min) hyperpolarization on the anticancer drugs at natural isotopic abundance.
This work not only broadens the scope of accessible substrates for SBIBRATH but also
presents a methodical pathway for hyperpolarizing new SABRE substrates

In this work, we focused on optimizing the hyperpolarization of chemically symmetric
nitrile groups. Although®N enhancements were observed on the triazole substituent (a triplet peak
from the coordinating nitrogen) on both drugs, they were vastly overshadowed BiNthe
enhancements observed on the nitrile substituents. In the present chemical system, the nitrile
substituents hyperpolarize far more efficiently than the nitrampertaining heterocycles. First, we
studied hyperpolarization butap and thényperpolarization lifetime (Tconstant) for the nitrile
substituents on letrozole and anastrozole. We then optimized the hyperpolarization process with
respect to solution temperature and PTF. Lastlyapmied a dynamic PTF, referred to as coherent
SABRE SHEATH®3 to yield maximum hyperpolarization. As the drugs were not isotopically
enriched, polarization values were determined usitRjl@nriched pyridine sample thermalized
at 9.4 T (sesection 5.7For more advanced and complete details'éN]P calculations) following
a previously reported meth&g%88°

5.2: Hyperpolarization Build-Up
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Hyperpolarization modalities are often associated with lengthy polarizationuptiches
that often bottleneck the hyperpolarization pro¢&$sm SABRE, the polarization buildup time is
relatively fast. Accordingly, we first conducted polarization buifdexperiments on the nitrile
substituents. Letrozole and anastrozole had similar4ogilgrofiles, both reaching a steady state
at around 1 nm, with N Ty, (build-up constant) of 21.7 + 1.4 and 14.6 + 0.9 s, respectively, as
summarized inrable 5.1. The experimental buitdp data werditted using a monoexponential
function and are shown togetherRigure 5.2 For experimental reproducibilitg, bubbling time

of 90 s was chosen for all succeeding experiments
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Figure 5.2 [A] Experimental polarization buildp data recorded at 40C overlaid with

monoexponential fits.
Table 5.1 Hyperpolarization BuileUp Constants fof°N on the Nitrile Substituents afetrozole

and Anastrozole with Errors Given from the Standard Deviation of the Individual

Monoexponential Fits

Anti-Cancer Drug Build-up ConstantJor[ s] @ O
Letrozole 21.7+1.4
Anastrozole 14.6 £ 0.9
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5.3: Hyperpolarization Lifetimes

Long lifetimes of HP states are important for monitoring biologidal ¥ivo) and
bi ochemical processes (in vitro, e. g., prote
downstream interactions of interest. Previous studies demonstratetPfj&i fonstants can be
extended by storage at an appropriate fiefd:1280ften, using a storage field at an intermediate
strength (relative to traditional PTFs and detection fields), around 1 T, can significantly extend
[1°N] T1 times, while noting that the relaxation properties and their field dependencies vary widely
depending on the individual molecules and associated spin systems. Thus, in addition to
hyperpolarization buildip times, we elucidate hyperpolarization lifetina¢$hree different fields.
Hyperpolarization lifetime studies were investigated at a high field{94, a | ow fi el d
and an intermediate field (1 T).
Table 5.2 Hyperpolarization Lifetime Constants f&iN on the Nitrile Substituents of Letrozole
and Anastrozole with Errors Given from the Standard Deviation of the Individual

Monoexponential Fits

Anti-Cancer Drug  [N]JT1[s]@ 94T [PNJT:[s]@1T ["™N]JT:[s] @

Letrozole 93+0.1 5541 +12.7 34.7+ 3.0
Anastrozole 21.6+0.2 420.8+ 7.3 27.8+29

Agreeing with trends characterized in the literature, short lifetimesbserved at low and
high fields, while longer lifetimes are observed at intermediate 7R3\t the high field, the
[1°N]T1 for letrozole and anastrozole was measured to be 9.3 + 0.1 and 21.6 + 0.2 s, respectively,
as reported iTable 5.2 These values are slightly lower than tl][T1 values at the low field
for both letrozole and anastrozole, which were measured to be 34.7 + 3.0 and 27.8 + 2.9 s,

respectivelyFigure 5.3 shows the remarkably lortgN HP lifetime data recorded at 1 T overlaid
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with monoexponential fits, yieldingN]T1 of 554.1 + 12.7 s (>9 min) and 420.8 + 7.3 s (>7 min)

for letrozole and anastrozole, respectively

Al 8]
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G L @17 |
g = T, =554.1£127 s ! ~
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Figure 5.3 [A] Experimental PPN|T1 data, recorded at 40 and stored at 1 T, overlaid with
monoexponential fitand [B] corresponding spectrétex different storage times.

Relaxation at the high field is likely dominated by chemical shift anisotropy (CSA), which
scales quadratically with the magnetic field. CSA is mitigated at low fields, which can explain why
we observe longetiN]T1s when transitioning to a low storage field. However, other sources of
relaxation become dominant at low field strengths. Specifically, whesystem is not replenished
withfreshpHat 0.3 €T, spin mixing during binding
the hyperpolarization nobanism isreverted,and the hydrides may act as a polarization sink).
Evidence supporting this claim is found when comparingiNT1 of letrozole and anastrozole
at the low field. The suspected faster exchanging substrate (experiencing more binding events),
anastrozole, has a shortéPN]T: than the slower exchanging substrate (experiencing fewer
binding events), letrozole.

At an intermediate field of 1 T, both CSA and spin mixing are mitigated. Instead, dipolar
interactions between nuclei become the dominant sources of relaXatibich are weak for the
isolated®N spin in nitriles. Nitrogen on a nitrile lacks nearby spin 1/2 nuclei that could induce
strong dipolar relaxation. Thus, mitigating higimd lowfield relaxation sources and selecting an
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isolated target nucleugvesrise to an exceptional environment for magnetization storage. Other
methods used to extendslhave been shown in the literature, for example, isotopic labeling where
protons are replaced for deuteritifror the usage of lontived singlet state¥®
5.4: Temperature Dependence

In addition to relaxation parameters, another critical parameter in SABRRE& éxchange
rate on the SABRE complex. The chemical exchange ofgnd a target substrate need to be
similar to the frequency of spin order transfer, governed by the tempbcanpling network on
the active SABRE catalyst, for efficient spransfer

There are several methods reported in the literature that have been used to control the
exchange of both pHand a target substrate. These methods consist of either increasing or
decreasing the electronic density on the metal center or by increasing or decreasing the steric
crowding around the metal cenfér! These strategies not only allow for more efficient spin order
transfer but also enable the hyperpolarization of new substrates. The work led by Duckett and
coll eagues demonstrated that SABRE can be use
modulaing exchange with thécorporation of a cosubstrat®!® |n addition to the referenced
strategies, direct heating or cooling can be used to modulate exchange%d@etiowing these
findings, a temperature sweep was performed on both target drugs. We chose to sweep from room
temperature (28C) to 50°C with 5 °C increments, shown ifigure 5.4, to shed light on the

exchange dynamics.
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Figure 5.4 Temperature sweep from 2& to 50 °C with 5 °C increments. The polarization is
listed on the left axis, while the molar polarization (the product of polarization and spin density)
is listed on the right. Experiments were done at natural isotopic abunédnee0.4% naturally
abundant) using a substrate concentration of 30 mM

Prominently, we observed an increase in polarization as the temperature was increased.
Letrozole reaches maximum hyperpolarization atG(limited by experimental setup), while
anastrozole reaches a maximum at°@0but levels off at further elevated temperatures. The
difference in observed maxima is likely due to the chemical environment around the nitrile
substituents on both drugs. Anastrozole has additional steric bulk close to the nitrile substituent
compared toletrozole, likely leading to faster exchange. Therefore, the faster exchanging
substrate, anastrozole, will be expected to reach maximum hyperpolarization at lower temperatures
relative to the faster exchanging substrate, letrozole. We note that thateudsthange rate also
controls the hydride exchange rate, as we have shown with ab initio calcifétiesause hydride
exchange does require substrate exchange events for monodentate ligands. These findings not only
support that temperature modulation represents a key hyperpolarization parameter but also
additionally suggest that relative exchange rateseaunveiled through HP temperature studies.

5.5: Static Field Dependence

78



In traditional SABRESHEATH experiments, the sample is subjected to a very(ddw

pMT)st atic PTF. At sub T fields, LACs between ¢

is most efficient, aiding in polarization builgp!?®%®For t his reason, we in

regime to unveil the most efficient PTF. We s

static PTFs aligned parall el (+) anduredbbt | par a

Hyperpol arization was most efficiently genera
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Figure 55 St atic field sweep from O to 3.6 T with

(+) and antiparall el (1) to the detection fie

5.6: Coherent SHEATH

However, recent advances reported in the literature demonstrate that a static field only
generates a fraction of the hyperpolarization of a dynamic pulse {#fd}.The referenced work
has shown significant boosts in hyperpolarization by applying shaped PTFs to the sample during
polarization buildup in a variety of distinct patterns. On this notion, we implemented a previously
published pulse sequence referred toadserent SABRESHEATH, originally used by Lindale et

al., to increase hyperpolarization on acetonitrile (chemically similar to the nitrile substituents on

letrozole and anastrozol®).
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Coherent SABRESHEATH first evolves spin order using an efficient PTE, fBr a short
t i meeand then quickly switches to an elevated storage figjdwBere little to no evolution is
expected, for &, thhtésprgaptmizeeesattionadt o o nUS Uo ot i mi z a
allow fresh pH to associate with the catalyst. A graphical representation of the pulse sequence is
shown inFigure 56A° A pl ot s we e pipvaues whiledBuBg, h adniaisaitt et e U
constant, is shown iRigure 5.6C for both letrozole and anastrozole.

Notably, the pulse sequence drives higher polarization than what can be generated using a
static field. Both compounds=51makohanastozole,mma m e n |
maximum enhancement corresponds:#d|P over 10% (at natural isotopic abundance and mM
concentration) and the corresponding spectrum is showigime 5.68. The boost in}PN]P is
due to more efficient spin order transfer generated by turning the usually incoherent spin order
transfer into a coherently driven, unidirectibmaechanism. In addition to boosting the
hyperpolarization level, the coherent SABBHEATH data ofFigure 5.6C also elucidates the

hyperpolarization transfer dynamics.
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5.7: Polarization Calculations

15N polarization (denotedN]P in the main text) is calculated using a thermal reference

from Up

5 BsD

tipahdignt (B= 055 0

spectrum of a pure, isotopically enriched standard. In this work, we'tezhriched pyridine
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(SDrer = 12.36 M 99% enriched = 12.24 M) thermalized at 9.4 T to quantif]P. The

corresponding spectrum is showrHigure 5.7A.
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Figure 5.7. [A] A single ®N scan of puré®N enriched pyridine thermalized at 9.4 T used for
polarization calculations. [B] A singféd scan of concentrated toluene in 4CID without (blue)
and with (red) a capillary. Spectra were manually offset to impart easier comparison of the signal

peaks.

The following equation was used to calculate polarization values,

0 OATZE Eq. 13

Here, the initial tanh term describes thermal polarization at a given magnetic field (9.4 T)
and temperature (298 K). The second term, which includescabd SDip, takes into account
the spin density difference between the reference and hyperpolarized sample, respectively.
Additionally, we assume two substrates are linked to the catalyst at all times, corresponding to a
true free substrate concentration of 24 mM BT 2 3 mM = 24 mM). The third term, which
includes hp and ker, are the integrals ohé hyperpolarized and reference signal intensities,

respectively. The final term, which includeset and A.p, normalizes the crossectional area
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between the reference and hyperpolarized sample. The correction stems from the hyperpolarized
sample having a capillary inside the sample where the reference sample does not. Ther@tio of A
over Aqp was determined using a concentrated toluene sample where a proton spectrum was
acquired with and without a capillary, as showifrigure 5.7B. The resulting signal loss with the
addition of a capillary was ~5%, which corresponds to a raticO581.
5 . 8 Optirlzation

An optimization study fok} was conducted prior to collecting data presenteiguire
5.6C in the main text. In this experiment, we swept throtg0-500 ms with 50 ms increments)
wh i # BrandBsremain constanBp= 0 . Bs=¢ 13,0 d4}E 26anms)don letrozole at 40
°C, as shown ifFigure 5.8 T h e eduratiomgereratldg the highest polarization was 200
ms . We note that a8 on rhathr drugsf could deadstavieighegy polarizatidd.
Additionally, af teri meshouldbelraptmiediwithgehe copespomiimd U

(b time kept constant for more vigorous and accurate optimization.
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Figure 5.8 (b duration sweepfrom56 00 ms wi t h 50 mBpandBsrenmime nt s
constantBp= 0. Bs=¢ B,0 ¢&pE 26ams)bn l&trozole at £4C.
5.9: Conclusion

In conclusion, this work demonstrates a systematic optimization study for nitrile moieties

of two bulky anticancer drugs achieving high degree$ i P with long HP state lifetimes.
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First, the polarization buildp was investigated for both letrozole and anastrozole. Both
anticancer drugs had similar builgh constants, reaching ®NI]P steady state i1 min. For
comparison, DNP has a builgp time on the order of tens of minutes to an HeuiAdditionally,
by exploring a clinically relevant field of 1 T, we were able to achi&¥T1 constants ob9 and
D7 min on letrozole and anastrozole, respectively. Next, we explored exchange dynamics of the
SABRE system by modul ating the solution temp
elucidate the optimal PTF. Maximum enhancements were measuredGtdsdetrozole and 40
°C for anastrozole, corresponding t8N]P of 8.3 and 7.6%, respectively, at the experimental
opti mal PTF o0sb sh@vedthat controllivgethe adlution temperature, in a small
window (25°C), can more than double the nBN]P. Finally, we pushed the hyperpolarization to
over 10% on anastrozole (at natural isotopic abundance and mM concentration) by applying
coherent SABRESHEATH, showing the importance of exploring rsfatic fields.

There are still limitations in the presented work inhibiting direct translation to applications
such as drug screening. For instance, the substrate concentrations investigated here are relatively
high and are currently limited to nonaqueous conditions. é¥ew the feasibility of studying
SABRE hyperpolarization at natural abundancé&fsubstantially streamlines the experimental
workflow and potentially enables the screening of many other riifeaining drugs,
biomolecules, etc. We envision that oadead compound is identified, additional sensitivity gains
can be obtained vig&N-labeling to perform binding studies at relevant concentrations. There are
also ongoing efforts in the field to develop biocompatible formulations of SABErpolarized
compounds in aqueous metigf-1921%.we hope future developments in this area will mitigate the
current limitations.

5.10: Material and Methods
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Chemicals Letrozole and anastrozole were purchased from Tokyo Chemical Industry Co.,
Ltd. andSigmaAldrich, respectively, and used as delivered. Deuterated methanol was purchased
from Cambridge Isotope Laboratories and degassed prior to experimental use. The precatalyst,
[Ir(IMes)(COD)CI] (IMes = 1,3bis(2,4,6trimethylphenyl)imidazek-ylidene, G®OD = 1,5
cyclooctadiene), was synthesized in lab with commercially available starting materials, following
a previously published proceduf®.

Sample Preparation All samples are prepared using standard Schlenk line conditions,
maintaining an oxygefree environment. Samples are prepared with a 30 mM substrate (letrozole
or anastrozol e) and a 3 mM precatalyst i n 50
tanserred i nto a 7n medi umPVwahd conhest® totourborise( Wi | ma
fully automated, pneumatic shuttling syst&Samples are then subjected to 100 psi of
parahydrogen, followed by 5 min of bubbling to activate the catalyst prior to experimentation.

Hyperpolarization Build -Up: Samples are first shuttled above the detection field to a
pol arization transfer field (PTF = 0.3 €T) an
before shuttling back down to a high field (9.4 T) for detection.

Hyperpolarization Lifetime: Samples are first shuttled above the detection field to a
pol arization transfer field (PTF = 0.3 €T) an
then stored at a desired field for various times before detection. The PTF and detection field are
used as low and high storage fields, respectively, while the fringe field from the detection field is
used as an intermediate storage fi&d T).

Temperature Dependence Samples are first heated to a desired temperature in the
detection field using the Bruker VT interface

subjected to 90 s of bubbling. Samples are not actively heated while bubbling; thus, the sample
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experiences light cooling toward room temperature during bubbling. Samples are then shuttled
down to the high field for detection.

Static Field DependenceSamples are shuttled to a desired PTF controlled by a DC power
supply and housbuilt solenoid coil inside munetal shields. Samples are then subjected to 90 s
of bubbling within the PTF and shuttled down to the high field for detection.

Coherent SHEATH: Samples are shuttled to a dynamic PTF controlled by a DC power
supply and homéuilt solenoid coil inside munetal shields. The dynamic PTF alternates between
two distinct fields, an fAevolution fifiledo, der
dur at pamgsespedivelyntimes for 90 s. The dynamic PTF is generated using a simple
circuit board, TTL lines, and solistate relays. In this method, a pulse sequence can be developed
using Bruker software to automates process. Largest signal enhancements are obseBgd at
0.5 €T while mM3@3Dntd@j nwhgch Bs ©ohe highest achi
design.
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CHAPTER 6: Facile Hyperpolarization Chemistry for Molecular Imaging and Metabolic
Tracking of [1-*3C]Pyruvate In Vivo
From:
MacCulloch, Keilian, et al. "Facile hyperpolarization chemistry for molecular imaging and
metabolic tracking of [(113C] pyruvaten vivo." Journal of Magnetic Resonance Opkh
(2023): 100129.

Abstract: Hyperpolarization chemistry based on reversible exchange of parahydrogen, also
known as Signal Amplification By Reversible Exchange (SABRE), is a particularly simple
approach to attain high levels of nuclear spin hyperpolarization, which can enhance 8iIMRIan
signals by many orders of magnitude. SABRE has received significant attention in the scientific
community since its inception because of its relative experimental simplicity and its broad
applicability to a wide range of molecules, however,vivo detection of molecular probes
hyperpolarized by SABRE has remained elusive. Here we describe a first demonstration of
SABREhyperpolarized contrast detectad vivo, specifically using hyperpolarized i[1
13C]pyruvate. Biocompatible formulations of hyperpolarizet!{C]pyruvate in, both, methanol
water, and ethanabater mixtures followed by dilution with saline and catalyst filtration were
prepared and injected into healthy Sprague Dawley and Wistar rats. Effective hyperpolarization
catalyst removawas performed with silica filters without major losses in hyperpolarization.
Metabolic conversion of pyruvate to lactate, alanine, and bicarbonate was détevied
Pyruvatehydrate was also observed as a minor byproduct. Measurements were performed on the
liver and kidney at 4.7 T viime resolvedspectroscopy and chemiesthift-resolved MRI. In
addition, wholebody metabolic measurements were obtained using a chjregeil.5 T MRI
system, illustrating the utility of combining loweost MRI systers with simple, lowcost

hyperpolarization chemistry to develop safe and scalable molecular imaging.

Chapter 6 Preface
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This preface will begin with a short description of medical imaging techniqupsatto
hyperpolarized imaging in conteXote that this passage does not represent a thorough review of
current technigues big solely intended teet the stage for the motivation behind this work.

Current medical imaging techniques fatito two broad categories, anatomical and
functional imaging:®6'%’ Anatomical imaging provides structural information, whereas functional
imaging provides information about the mechanistic underpinnings of biological activity often
unfolding on the molecular lev&l® As illustrated inFigure 6.1, there are many anatomical
imaging methods used in clinical settings including Magnetic Resonance Imaging (MRI),
ultrasound, xay, and computed tomography (CT). MRI uses the large amounts of water and fat
protons in the body to obtain highsolution imges of tissues and orgali$2°°Ultrasound applies
highf r equency acoustic waves to visualize the
with lower resolution compared to MRI, but ultrasound stands out due to its speed dimdeeal
imaging capabilities and because it isxipensive and easy to deplt}}:?°?Simple xrays have
outstanding resolution for visualizing bone but have limitedtsstie contras®®2%> Computed
tomography (CT) uses multiplaneray images processed via mathematical reconstruction
algorithms and can give key insights to internal injuries and pathologies on its own, or when
combined with iodine contrast ageft&2°” MRI, ultrasound, xray, and CT all give higiprecision
structural contrast, and careful developments have been added over the years to extract functional
information with these methods. Many existing functional imaging approaches can be thought of

as offshoots of the listed structural methods
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Figure 6.1 lllustration of the medical imaging landscape placing hyperpolarized imaging and
specifically parahydrogedriven SABRE hyperpolarization chemistry in broader context. The
diagram does not exhaustively capture all medical imaging methods. SiBRihlighted as it
pertains to this work

These functional imaging methods can be broken down further into molecular and non
molecular functional imaging modalities. The amolecular modalities typically employ subtle
changes in the data acquisition and data reconstruction schemes to accesgfunfdrmation.
MRI lends itself particularly well to this approach because MRI signals are strongly dependent on
the exact sample composition and MRI sequences can be modified in a myriad of possible ways.
Good examples include functional Magnetic Reswe Imaging (fMRI), which is sensitive to
changes in blood oxygenation leg&?'* Arterial spin labeling (ASL) that measures tissue
perfusion via magnetic labeling of slices in the object that are subject to peftfsitrand

Diffusion Tensor Imaging (DTI), which measures the thdgeensional diffusion of water as a
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function of spatial locatioA**?>Non-MRI functional imaging includes CT angiography using CT
scans after injection of a dye to produce images of blood vessels and tissues, and ultrasound
elastography, which is sensitive to the stiffness of tissues because acoustic wave propagation
depend on material stiffness and can be used to distinguish healthy from pathologicat‘fissue.
These normolecular functional imaging methods are sensitive to blood flow and tissue activity
but do not give insights into fundamental biological processes on the molecular level. Conversely,
molecular functional imaging methods use biomarkers thattjireeport on biological function.
The two predominant methods are Positron Emission Tomography (PET) and hyperpolarized
MRI. PET has been translated all the way to clinical practice and uses radioactive tracers that are
injected and detected via the etmit radiatiorf!”?®PET has unrivaled sensitivity to picomolar
concentrations of radiotracers and has revolutionized staging and monitoring response to treatment
of many diseases, most notably various cancers. However, PET also has significant weaknesses,
which include the se of ionizing radiation, limited spatial resolution, a requirement for large and
sophisticated infrastructure, and a lack of sensitivity to chemical transformations. In contrast,
Magnetic Resonance (MR) techniques (exemplified by magnetic resonancerospepic
imaging MRS#9221 or Chemical Exchange Saturation Transfer (CEST§*are highly sensitive
to small changes in molecular structure as reported by the chemical shift frequency of individual
molecules but have relatively poor concentration sensitivity. The poor concentration sensitivity of
MR stems from low thermal nuclear spin polarization genettayegpical MRl magnets, which
align only about 1 in 100,000 nuclear spatlinically relevant fieldsAccordingly, traditional
MR approacherequire high concentrations of detected molecules.

For this reason, we sought out to translate SABRE hyperpolarized substratesvio

detection, for the first time in histaryn this work, experiments were conducted by Keilian
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MacCulloch Austin Browning Patrick TomHon, David Bedoya, and-Fen Yen results were
analyzed by Keilian MacCullochAustin Browning Patrick TomHonEd ChekmenevBoyd
Goodson, Matt Rosen, 3ten Yen,and Thomas Theis; the manuscript was written by Keilian
MacCulloch, Austin Browning Patrick TomHonand Thomas Theis; and the manuscript was
edited by Keilian MacCulloch, Patrick TomHon, Ed Chekmenev, Boyd Goodson, Matt Rosen, Yi
Fen Yen, and Thomas Theis.
6.1: Introduction

Traditional NMR and MRI approaches, which rely on thermal nuclear spin polarization,
face significant sensitivity limitations compared to other analytical chemistry or medical imaging
techniques, and require relatively high concentrations of detected ulesled@o address the
sensitivity challenge faced by MR approaches, hyperpolarization methods have been developed to
align much larger fractions of nuclespins and to improve the sensitivity limits of NMR and MRI
by several orders of magnitu#é’!?2%228 |ndeed, the first hyperpolarized (HP) contrast agent
(*?°Xe gas}®>??9232 has been FDA approved for ventilation lung imaging. Other HP molecular
probes are also emerging for molecular imaging, includinig*Clpyruvate?®® HP [1i
13C]pyruvate is similar to thé§F]fluorodeoxyglucose PET trac¢ét?*in that it allows molecular
sensing of aberrant energy pathways in cancer and many other df$é%¥&sirrently in over 30
clinical trials, dissolutionDynamic Nuclear Polarizationd{DNPY?8 is the hyperpolarization
method employed for production of HPi [#C]pyruvate for molecular imaging applications.
Hyperpolarized MRI can directly track and image metabolic events at any depth inside tissue at
modest subnM concentrations and it is relatively safe because HP MRI uses injectable contrast
agents that are eadgenous biomolecules, instead of radioactive material. The disadvantages of

DNP are that it is infrastructwiatensive and relatively slow to build up hyperpolarization (~1
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hour). A faster and perhaps simpler approach to hyperpolaiizé&[pyruvate is parahydrogen
induced polarization (PHIPY-°1183230ne possibility is sidarm hydrogenation PHIP (SAH
PHIP)24%241which has been successfully used to hyperpolariz€¢]pyruvate?? 244 the most
common hyperpolarized MRI tracer. In SAMHIP an unsaturated side arm of a pyruvate ester is
hydrogenated with parahydrogen, the polarization is transferred t&*Gheucleus, and the
pyruvate is then cleaved via hydrolysis of the ester. Although-BAHP is a successful approach

for PHIP hyperpolarization of [#3C]pyruvate, the synthesis of the unsaturated pyruvate ester
precursors is relatively complex and storage is not trivial. Unlike any existing method, Signal
Amplification By Reversible Echange (SABRE) hyperpolarizes sodiuri*fC]pyruvate directly

and without the need for chemical modificatidfs>*°As depicted irFigure 6.2, SABRE relies

on reversible exchange of parahydrogen andedoyperpolarized substrate,iffC]pyruvate in

the present case, on archtalyst to create a spin network connecting parahydrogen and the target
substrate. Continuous reversible exchange of parahydrogen and the substrate leads to rapid
polarization buildup within the bulk [1'°C]pyruvate molecules in solution. In principle, the
resulting HP agent can be processed to quickly obtain biocompatibility for subsegeetibninj

into the subject to monitor metabolic changes
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Figure 6.2 SABRE hyperpolarization chemistry: Both parahydrogen and tHéQJpyruvate
substrate are in reversible exchange with thmolarization transfer catalyst,
[IrH2(IMes)(DMSO)(pyruvate)]. During the lifetime of the polarizativansfer complex,
comprising the catalyst, substrate, and parahydrogen (tens to hundreds of milliseconds), the
polarization is transferred from the parahydrogen singlet state on the hytdrities3C nucleus

in pyruvate transiently bound on the catalyst. Continuous exchange leads to hyperpolarization
build-up on the free pyruvate in solution. This builg process requires roughly 1.5 minutes to
reach stady-state hyperpolarization.

Since its inceptioR®24624’'SABRE hyperpolarization chemistry has undergone significant
developmentd®31113.248irst. SABRE was primarily optimized to hyperpolarize protons in target
substrateg®246.247.24%yjith the invention of the SABRESHEATH (SABRE in Shield Enables
Alignment Transfer to Heteronuclei) variant, it became possible to efficiently hyperpdfitize
and®C nuclei that are associated with longer hyperpolarization lifetfing%89110.124,185195,250
such as in [1**C]pyruvate’®!14Subsequent developments enabled polarization levels exceeding
10% using temperature cyclitfg®and/or various pulsefield approache8>196.251.258ilding on

these recent advances, here we show the first detection of a ShBREpolarized substrate,i[1
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13C]pyruvate,in vivo. Using a rat model, spectroscopic tracking of metabolic turnover and
Chemical Shift Imaging (CSI) are demonstrated for kidney, liver, and whole body at multiple
experimental sites, pointing towards the development of a truly scalable molecular imaging
tedhnique resulting from the combination of fast, simple SABRE hyperpolarization chemistry with
low-cost, cryogesfree MR|253 257
6.2:In Vivo Spectroscopy at 4.7 T

Figure 6.3 shows the data obtained for the first observation of metabolic conversion using
dynamic spectroscopy employing SABREgperpolarized [1**C]pyruvate. The surface coil was
placed either on the liver or the kidney of the rat, the hyperpolarization was started, followed by
dilution with saline, injection, and data acquisition. As sedtigare 6.3A andD, the data clearly
show peaks for lactate, alanine, pyruMaydrate, and bicarbonatéigure 6.3A-C show the data
acquired from the liver, anbigure 6.3D-F from the kidney. In comparison, the data from the
liver clearly shows a higher metabolic rate as expected, while noting that in the presented pilot
studies significant quantities of methanol were injected, which is known to alter meta®8lism.
Future work will use ethanol/water as described below, or fully aqueous injecf&tegure
6.3A andD show spectra created by summing the data across the full time duration for liver and
kidney, respectively. Most metabolic turnover is observed to lactate and alanine, whereas
conversion to pyruvathydrate and bicarbonate is less pronounEeaglires 6.3B andE show the
full time-resolved spectrd&igure 6.3C andF show the corresponding projection of the signals
for pyruvate, lactate, and alanine as a function of time, revealing the time course of pyruvate
perfusion convoluted with metabolic conversion andefaxation for the individual metaboli@s
as expected from previousDNP work?®® As can be seen, metabolic tracking for about one

minute was possible in these first pradfconcept studies.
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Figure 6.3 In vivo spectra acquired on two (Sprague Dawley, female) rats using a dynamic
spectroscopy sequence and a different field of view on the liw&][and kidney [BF]. [A, D]
Summed spectra of the complete dynamic spectroscopy acquisition. [B, E] Spectra dwbeay o
dynamic spectroscopy acquisition with lactate (red), alanine (green), and pyruvate (blue)
integration regions highlighted. [C, F] Plot of the integrated acquisition for pyruvate, lactate, and
alanine using the spectra shown in B and E. The spedingitemporal series are acquired with
30 flip angle and 3 s delay between acquisitions.
6.3:In Vivo Spectroscopic Imaging at 4.7 T

In addition toin vivo spectroscopy, we implemented Chemical Shift Imaging (CSI) to
visualize the spatialistribution of the SABRMyperpolarized [1°C]pyruvate within the kidney
and liver as displayed irigure 6.4 The individual spectra were integrated and turned into a heat
map superimposed on an anatomical prédil slice of themaged regionFigure 6.4A-C show
the data acquired with the surface coil placed on the liver, whEigae 6.4D-E show the data
acquired when the surface coil was placed on the kidngyre 6.4A andD show the respective

raw CSI data displaying the spectra acquired in 8&pid covering a field of view (FOV) of 8 x
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4 cnt . Figure 6.4B andE each show a heatmap over the corresponding anatomical image, which
was then smoothed by zefitling the data to assist with visualizati®@ras shown irFFigure 6.4C

andF. In this work, the excitation pulses were selectively applied on théJpyruvate peaks to
ensure visibility and sufficient sign&b-noise. The liver image shows most pyruvate signal
primarily centeredaround thénepaticvein, whereas the kidney image shows most pyruvate signal
centeredaround the renal vein. €hcurrent imaging data does not contain information on the
metabolic products and only visualized the SABRPerpolarized [1°C]pyruvate; nevertheless,

the CSI approach will be critical in future studies imaging disease models, where the production
of metabolites may be strongly modulated. For example, the production of lactate is often greatly

increased in the presence of tumioesause of the Warburg effeét. 256

96



[A] [B] [C]

liver
y [voxel #]

©® N O N s W N =

S B i e 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
1 2 3 4 5 6 Y/

x [voxel #] x [em] x [cm]
[D]
1
2
- |3 3 B i il
5z - P
TN ||l :
S >l L]
= 6
~ L
7 —
8
T2 3 4 5 6 7 8
x [voxel #] x [em] x [cm]

Figure 6.4. Chemical Shiftmaging (CSI) experiments on two separate animals (shown in separate
rows) with two different fields of view (liver, row 1; kidney, row 2). [A, }@8array of the 64
spectra acquired in the respective CSI experiments. [B, E] Integration of the peaks shown in the
spectra to obtain a intensity map overlayed on top of the center anatomical slice of the imaged
region. [C, F] zerdilled intensity map (1616) for visualization of the CSI results. CSI results are
acquired linearly in a 8x8 matrix using a ZDp angle and a 0.41 s TR.
6.4: CryogenFree HyperpolarizedIn Vivo Spectroscopy at 1.5 T

In tandem with the work performed at MGH, experiments were conducted at NC State
using a cryogeifree variablefield MRI scanner. The use of a cryogeee MRI and lower
magnetic fields circumvents the need for large amounts of helium, reducing instadatio
maintenance costs. Examples @DNP detected with 1 T permanent magnets have been
described®” Wi t h SABRE, even the combi natofcoanr e@wi t h
MRI%%32%%hecomes imaginable. The variable field of our unique MRI (5 81T) assists with the

broadertranslation into clinical settings, as the common clinical fields are between3lTh
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Studies closely comparable to those performed on the preclinical 4.7T MGH scanner are shown
here. Differences reside in the use offzole-bodyvolume coil instead of surface coils, slightly
smaller animals (~200 g versus ~250 g), and operation at 1.5 T. The selection of 1.5 T helps to
establish direct correlation to more clinical settings often operating at thidHiglole 6.5Ashows
summed spectra of the hyperpolarized pyruvate, along with its downstream metabolic products
lactate and alanine, as wal the bicarbonate as minor metabolite and pyrtwadeate as minor
byproduct. Since the 1.5 T data is acquired using dadl coil, the signal represents an average
across the whole rat, showing lower metabolic activity in comparison toith€]Jfyruvate signal

from the liver and kidney (which are more metabolically active organs). In addition, shimming the
magnetic field over a full body is more challenging than over individual organs, which is reflected
in broader spectral features visibleHigure 6.5A in contrast to those froffigure 6.5A andC.

Despite these challenges hyperpolarized signal is detectable for over one minute, and time
resolved metabolism could be observed as illustratedyure 6.5BandCd presented in analogy

to Figure 6.3. Overall, the experiments shownkigure 6.5indicate the successful combination

of low-cost hyperpolarization with lowost MRI to achievan vivo detection of metabolic
transformations, advancing this technology and setting the stage for future developments and

biomedical applications.
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Figure 6.5. In vivo spectra acquired on one [Wistar, female] rat using a dynamic spectroscopy
sequence. [A] Summed spectra of the complete dynamic spectroscopy acquisition. [B] Stack plot
of the dynamic spectroscopy acquisition with lactate (red), alanine (green), andi@yhiua)
integration regions highlighted. [C] Plot of the integrated acquisition for pyruvate, lactate, and
alanine using the spectra shown in B. The spectra in this temporal series are acquired with a 20
degree flip angle and a 2 s @glbetween acquisitions.
6.5: Push Towards Biocompatibility

Although SABRE has seen significant advances as leveraged in the above sections, there
are still barriers to clinical translation because of the usage of methanol, and the presence of the
Iridium catalyst. The SABRE community has put effort into movingatals biocompatibility (i.e.
a catalyst free, aqueous solution), including developments in water soluble ca&R/sts,
heterogenous catalyst®?’* and dissolution scheme$¥2’” However, none of the described
methods have establishidvivouse. In this section, we showcase the first methanol free solution
with catalyst filtration of hyperpolarized pyruvate detedtedivoemploying SABRE. To attain
sufficient solubility of [£13C]pyruvate in ethanol, a®-1 ethanolwater mixture was used, which
balances solubility restrictions of both sodium'f{C]pyruvate and the [Ir(IMes)(COD)CI]
SABRE catalyst. Sodium pyruvate is essentially insoluble in pure ethanol and the SABRE catalyst
is insoluble in water. The-®-1 ethanol water mixture wasiufod to work well providing sufficient

hyperpolarization foin vivodetection as described in the following.
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First, a 500uL solution of an ethanol and water medium with 6 miMiéss catalyst, 20
mM dimethyl sulfoxide, and 30 mM {£C]pyruvate was prepared. Next, hyperpolarized [1
13C]pyruvate was generated by bubbling parahydrogen at 200 sccm and 150 psi for 60 s at 0.4 uT
during active temperature cycling initialized at@, as previously demonstrates in meth&idl.
The reproducibility was assessed across multiple days and ten samples, resulting in an average
polarization of p = 4.5 + 0.7 % on free-fC]pyruvate. The polarization achieved in this work is
significantly higher than previous reports in ethanolic médiZhe spectrum with the largest
observed polarization on free-}iC]pyruvate, p = 5.8%, is shown Figure 6.6A. We note that
previous reports on pyruvate used lower pressures and flow rates and we observed an increase in

polarization by increasing both parameters towards experimental limitations.
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Figure 6.6. [A]JHyperpolarized pyruvate generated in an 9:1 ethanol water mixture. [B] Schematic
incorporating a €18 filter into the experimental procedure. [C] Summed and [D] stacked spectra
of experimental results from a temporal acquisition using 20° flip anglB&s T2 s) of
hyperpolarized pyruvate, generated in an ethamdeér medium with subsequent catalyst

filtration, detected in a healthy Wistar rat.
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To further reduce the toxicity of the SABRE sample, we utilized a filtration method for
catalyst removal prior to injection. Specifically, we employed commercially available C18
cartridges, where the ngolar nature of the column has strong interactioith e nonpolar
portion of the SABRE catalyst (IMes ligand), whereas the highly polar pyruvate ion remains in the
mobile, polar phase. We used mass spectrometry to quantify the efficacy of the filters.
Encouragingly, the filters were able to remove >%5o0f the iridium from the sample, as
summarized iMTable 6.1, with no additional optimization. This corresponds to an average iridium
content of 6 £ 2 ppm in the injected solution (1.5 mL total, experiment repeated 3 times). Future
optimization of the nopolar filtration phase is expected to reduce the catalygenofurther.

Table 6.1. Quantification of SABRE catalyst removal using commercially available C18 silica

cartridges.
Sample Iridium Content [ppm]
Blank 1
Unfiltered 256
Filtered 6+2

To validate the utility of using methanol free solutions with catalyst filtration, we
performed amn vivospectroscopic study using a variable field, cryogen free MRI setat 1.5 T. We
followed a similar experimental procedure to the pilot SABREvo studies presented above. In
this procedure, highly polarized-f#C]pyruvate is first generated in an NMR tube. The tube is
then inserted into a Halbach array to ensure adiabaticity during depressurization and ejection into
a syringe. We note that magnetield control in this step is vital to retain the polarization. The
syringe, which is prefilled with 1 mL saline, is then quickly transported to the catheterized rat
injection line. In contrast to the methods described above, a filter was added to thhenitijee

for catalyst removal as illustrated Higure 6.6B. Following injection, we employed a temporal
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pulse sequence using 20° excitation pulses every 2 seconds to monitor pyruvate resonance signals
in vivo. The result of the described method is showcasemjure 6.6C, where pyruvate resonance
signals were detected for over 30 secomigure 6.6D showcases the summed spectra of the
complete temporal series, where production of pyruvate metabolites could be observed.

6.6: Conclusion

Firstin vivometabolic hyperpolarized MRI experiments were demonstrated using SABRE
hyperpolarization chemistry and -}iC]pyruvate as an exogenous molecular probe.
[1-*C]pyruvate is the leading molecular probe because it is a key metabolite that is often
dysregulated in many disease stabewivo studies were performed on two different instruments
at two different sites to provide muHite validation of the emerging SABRE technology: a 4.7 T
magnet at MGH and a 1.5 T cryogigae magnet at NC State. Both systeshewed good signal
to-noise for the detection of SABRIEperpolarized [4°C]pyruvate and enabled reine
metabolic tracking of the formation of lactate, alanine, and bicarbonate. (The formation of
pyruvatehydrate is also observed.) The presented work is a milestone in the translation of SABRE
hyperpolarization chemistdywhich has been under development for almost 15 years since
inceptiord to preclinical applications focused on biomedical questions.

The presented work includes injections of methavatler mixtures that still contain
hyperpolarization catalyst showing clear conversion of pyruvate to alanine, lactate and
bicarbonate. These experiments also enable Chemical Shift Imaging. For ultincditeécateor
clinical translation, methanol and Iridium catalyst are not acceptable, therefore we also presented
hyperpolarization in ethanelater mixtures followed by dilution with saline and filtration, while
retaining the polarization such thatvivo detection was still possible. Yet for widespread use

further improvements to the sample processing protocol are still needed.
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The facile nature of SABRE hyperpolarization chemistry makes SABRE based technology
a good candidate for broader dissemination with the potential to become competitive in the
landscape of existing molecular imaging technologies, and medical imagingeatSpsegifically,
the combination of portable, Iefield MRI approaches that otherwise suffer from significant
sensitivity limitations could be combined with relatively simple SABRE hyperpolarization
chemistry working towards broadly available molecular gmg with the ability to track
individual metabolic pathways.

6.7: Materials and Methods

Sample preparatiornt Under inert gas conditions, [13C]pyruvate [Ir(IMes)(COD)CI]
(IMes= 1,3 bis(2,44rimethylphenyl)imidazole-ylidene, COD=cyclooctadiene) polarization
transfer precatalyst, and DMSO were mixed to give absolute concentrations of 65 MM [1
13C]pyruvate, 24 mM DMSO, and 6 mM-IMes in CD30D. IflMes catalyst was synthesized
using literature methods[56,57]. Dry @D was used as provided from the supplier (Cambridge
Isotopes) and degassed with 5 frepmenpthaw cycles. All other chemicals used were purchased
from Millipore Sigma.

Hyperpolarization and sample processing [1i *3C]pyruvate was hyperpolarized by
bubbling parahydrogen through a 500 pL solution containing 6 mM iridMes catalyst, 24 mM
DMSO, and 65 mM [1'3C]pyruvate at 100 psi inside a standard NMR tube using a previously
described bubbling setup. The sample isqueled to @C and then, as illustrated Figure 6.7A,
placed into a Polarization Transfer Field (PTF) of 0.3 uT established-metal shields provided
by MagneticShield Corp. (Z&03). After 90 s of bufiing parahydrogen, at room temperature
and 0.3 uT field, hyperpolarization of about 10% is achieved, and the sample is manually

transferred into a 0.3 T Halbach array, where the parahydrogen pressure is releabeavn in
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Figure 6.7B. The sample is subsequently pulled into a syringe prefilled with saline solution,
creating a salinenethanol mixtureas shown ifrigure 6.7C. The solution was then injected into

the rats and data was then acquired, as showrigare6.7C and D, respectively.For the
experiments at 4.7 T at Massachusetts General Hospital (MGH), 1.5 mL saline was used creating
at total injectable volume of 2 mL, with a methatmbkaline ratio of 1:3. These concentrations
correspond to a pyruvate dosage of 11.3 mg/kg (0.13 fkg)ahjected into ~250 g Sprague
Dawley rats. For the experiments at 1.5 T (at NC State) using the criregeMRI system, only

1 mL of saline was used, creating a total injectable volume of 1.5 mL with a metbaatihe

ratio of 1:2. These concenti@is correspond to a pyruvate dosage of 14.1 mg/kg (0.16 mmol/kg)
injected into ~200 g Wistar rats. These dosages of hyperpolarized and injected pyruvate are lower
than those in typical-DNP hyperpolarized MRI studies, which are closer to (0.75 to 1
mmol/kg) 279283 For all animal studies, the rats were sedated with isoflurane before placing them
in the MRI scanner. Isoflurane was continuously provided via a nose cone in the MRI scanner
during experimentation, and the heart and breathing rates were continuoustyreabriihe vitals
remained stable after injection, and the animals were euthanized before wakiranésiimesia
approximately 10 min after completion of the experiment. While the injected quantities of
methanol in these proaif-concept studies were nelie LDso, the toxic effects of methanol are
delayed well past the timepoint of euthanasia, allowing the described experiments. All animal
handling procedures were conducted under the appropriate IACUC protocols at NC State and
MGH. At NC State, hyperpolarizetfC MR data were acquired from the whole body of the
animals. The cryogefree, variabldield MRI system at NC State used whole body
transmit/receive’*C volume coils (5.2 cm RF window length and 6.5 cm in diameter). The

spectroscopic data were obtid u s i n-gele@i®e0.314 ms hard pulses, a repetition time
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(TR) of 2 s including a 0.68 s acquisition time, 12 kHz spectral bandwidth, and 8192 spectral

points
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Figure 6.7. Experimental procedure of MR vivo studies. [A] SABRE hyperpolarization takes
place inside of a mmagnetic shield at a polarization transfer field of 0.3 uT. The sample-is pre
cooled to OC and then parahydrogen is bubbled through the solution for 90 seconds allowing for
polarization buildup in the magnetic shields. [B] The sample is transferréd3d&lalbach array

(to help slow relaxation of the hyperpolarization) for depressurization and ejection into a syringe
prefilled saline, takng 10 seconds. [C] After ejection the sample is moved across the room and
attached to the catheter for injection, requiring ~10 s. [D] After injection antimate scan is
applied with a 20° pulse and repetition time of 2 seconds to detect the metabdlictprof
pyruvat® namely lactate, alanine, and bicarbonate. (Pyrdhitizate is also detected).

At MGH, the hyperpolarizet#C animal experiment was conducted on a 4.7 T animal MRI
scanner (Bruker Biospin, Billerica, USA) using a commercial transmit/receive proton volume coil
(Bruker, Billerica, USA) for localization and shimmintfC experiments used @stom made
transmit/receivé3C surface coil with a 6 cm inner diameter € acquisitions. In the dynamic
spectroscopy experiments, a pudsel acquiresequence was used with a reelective 0.11 ms
180 30U nominal flip

hard pulsecenteredh t ppm with a

For all chemical shift imaging (CSI) experiments, a sinc pulse with 11,000 Hz bandwidth and 0.56
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ms length was used to selectively excite a single axial slice of 15 mm thickness. CSI parameters
were: TR 410 ms, echo time (TE) 1.05 ms, @0minal flip angle, spectral bandwidth 10,080 Hz,
4096 spectral points, field of view (FOV) of 80 mm x 40 mm, and matrix size &Fg@e 6.7
provides a general overview of the experimental procedures.
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CHAPTER 7: Analytically Derived Model Elucidates Spin Evolution Profile in Chemically

Dynamic SABRE Systems

Abstract: Signal Amplification by Reversible Exchange (SABRE) is a relatively cheap

hyperpolarization modality employed to increase sensitivity in liquid state magnetic resonance at
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room temperature. Although the first demonstrations of SABRE date back to 2009, a complete
physical description of the technique is still lacking. SABRE relies on simultaneous chemical
exchange and spin order transfer on a transition metal catalyst, nitakffigult to model. There
have been several attempts to model the SABRE process, which have shown great agreement to
experimental data, that consider both exchange and spin order transfer. However, these models are
not simple, relying on super opera@nd differential equations. In this work, we derive a simple
analytical model that characterizes spin evolution in dynamic SABRE systems. The model showed
good agreement with experimental data acquired across two different molecules in various
experimenal conditions, including temperature and polarization transfer field alterations.
Chapter 7 Preface

A highlight in chapteb was improving SABRE hyperpolarizatitiy employing a dynamic
pulse sequence referred to as Coherent SHERTEoherent SHEATHnot only improve
polarization, but it additionally elucidates spin evolution with respect to time. Inspired by the clean
results in these experiments, we sought out to derive an analytical model thiathmadata and
track spin evolution. The derived model considers key SABRfameters, including exchange
ratg frequency differences, andalues inthe transientd coupling network. In this work,
experiments were conducted by Keilian MacCulloch and Austin Browning; results were analyzed
by Keilian MacCulloch and Thomas Theis; the manuscript was written by Keilian MacCulloch
and Thomas Theis; and the manuscript whted by Keilian MacCulloch and Thomas Theis.
7.1: Introduction

Signal Amplification by Reversible Exchange (SABRE) has proven to be a powerful
hyperpolarization technique employed to increase sensitivity in magnetic resonance€ TVR).

afforded sensitivity expands current MR strategies and creates new applications. For example,
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SABRE has been used to study protegand interactions to advance the drug screening
process %15’ SABRE has also been employed for trace analysis, which can serve to detect and
monitor very small concentrationsrimediums'® This strategynas beemsed to detect amino acids
and other metabolites in biological fluids (e.g., urine), which can give critical insights into disease
states and treatment efficat.1%° Moreover, SABRE has recently been demonstraiezhable
functional imaging?®22%¢ Functional imaging is a leading tool for medical professionals to
elucidate biological activityn vivo by directly tracking the location of metabolites and their
metabolic transformatioria reattime. 183

SABRE relies on the reversible binding of parahydrogen and a substrate on a transition
metal catalyst, as depicted Figure 7.1 During exchange, a temporadycoupling network
between the parahydrogen derived hydrides and a target nucleus on a substrate is generated and
can be exploited for spin transfer in various W2#&:1%6 Often, spin order is transferred by
subjecting the sample to very low magnetic fields where lavikcrossing (LACs) appea® In
the context of SABRE, an LAC is an avoided crossing betvweempledspin states as they
approach similar energies. The avoided crossing results in spin mixing, enabling spin order

transfer.
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Figure 7.1 [A] Iridium-IMes catalyst reversibly binding parahydrogen and a substrate. During
binding events, a temporadyoupling network forms and can be exploited for spin order transfer.
[B] Anticancer drugs letrozole and anastrozole with coordinating nuclei highlighted in green. [C]
Graphical representation of Coherent SHEATH pulse sequence.

Theoretical descriptions of LACs in SABRE systems have been well documented in
literature®¥ 87126Fyndamentally, spin order can be accurately accounted for by exphbétisity
matrix quantum physics. As su@nalytical descriptionsave been developed to account for spin
order transfer alone in chemically stagnant syst&fsgloreover, models have been developed
that considerthe additional complexity othemical exchangdoth numerically®®31% and
analytically?®328” These models have shown great agreement with experimental data and can be
used to help predict optimal conditions in various SABRE systems. However, these models are
complex, requiring the use of super operators and differential equatiomsimumto account
for exchange eventdn this document, we derive sample analytical model that can accurately

track spin evolution ikhemically dynamiSABRE systems.
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Our model considers key SABRE parameters, including exchaatgs frequency
differences, anglalues inthe transiend coupling network. We then test the efficacy of the model
by fitting it to Coherent SHEATFR#°® experimental data on letrozole and anastrozdlee
structures of the target substratee shown inFigure 7.1B. Both molecules are drugs on the
WHOG6s | i st of essenti al me d iCohenrere SHETHsie dn t 0 C C
oscillating square pulse thetolves spin order using an efficient PTl, B®r aquick duration p, U
and then switches tolargerfield, Bs, where nospin evolution is expecte(storage field) for a
lengthierd u r a tsitooatiow forUa chemical reset witfresh parahydrogen associt® the
catalyst. A graphical representation of the pulse sequence, adapted from Lindale et al., is shown in
Figure 7.1C. Not only does this dynamic pulse sequence improve polarization, but it additionally
elucidates spin evolution with respect to time.
7.2: Deriving a Simple Analytical Model for Coherent SHEATH

First, we must define the spin system formed on the SABRE catalyst. In SABRE systems
where™N nuclei are targets and at natural isotopic abundance (~0.4%), the likelihood of there
being twoN nuclei on the catalyst at the same time is <0.002%. For this reason, we assume that
there will only be oné®N nuclei on the catalyst at any given moment, which results k@3
system connected throughd aoupling network. We also neglect any spin outside of the equatorial
plan of the SABRE catalyst dxouplings are negligible to the nuclei of interest. Furthermore, we
donodt i nclude any spins in the substrsphe asi

system is shown iRigure 7.2A.
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the target®N nuclei at natural isotopic abundance. [B] Available spin states upon combination of
a pair of spins in the singlet triplet basis with a single spin in the Zeeman basis.

Since the spins are subjected to low magnetic fighdshydrides are most appropriately
described using the singletplet basis® The singlettriplet basis is appropriate since the hydrides
are in a strong coupling regime, meanthg J coupling interactiondetween the hydridesre
greater than their respective Zeeman interactions. Thus, the hydridesopgthe S (S=singlet)

T+, T, or To (T=triplet) spin states.On the other hand, the tarde nuclei is best represented in

the Zeeman basis, where it can eitbecupy| dbr |bé spin state. Upon combination of the
possible spin states, there are a total of 8 resulting spin states which can exist on the SABRE
catalyst, which are shown iRigure 7.2B. However, h SABRE experimentgparahydrogen is
actively replenishednto the solution generating a constant supply of singlet order on nascent
hydrides. For this reaspit is appropriate t@assume thadll complexes initially haveuresinglet

order on the hydrides. Therefore, initial spin conditions will be restricted to singlet order on the

hydrides with a corresponding Zeeman state on the taigetuclei.
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Figure 7.3. A matrix representation of the Hamiltonidor a 3spin SABRE systemvherethe
hydrides & considered ithe singlettriplet basisand the targeN spin is in a respective Zeeman
basis.Here, vy andwn are the Larmor frequencies of the hydrides Bhidrespectively Juw is the
Jcoupling bet weheisthel boapling gifterericelbetagen the hydrides to'fine
tar get nJuddthe isum ofahd douplings from the hydrides to theN target nuclei.

Now that our spin system is defined, we characterize spin evolution in a stagnant SABRE
system (no exchange). We construct a matrix representation of the Hamiltoniar8-spin
SABREsystem The simplified matrix is shown iRigure 7.3. See Appendix A for a Mathematica
guide to construct the matrix Figure 7.3 In this representatiowy andvn describe the Larmor
frequencies of the hydrides atill respectivelyJun describes) coupling interaction between the
hy dr i Jduesscribegothd coupling dfference between the hydrides to t target nuclei,
a n dn & the sum of thd couplings from the hydrides to theN target nuclei.

Upon analysis, two 3x3 blocks appear in demsitymatrix. These blocks have important

significance as components in sleeespective blocks connect the singlet stditine hydridesand
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a correspondingy ddr |béistate on the target nuckei a triplet staten the hydridesvith a spin flip

in the | dlbr |bti stateon the target nucleiThe discussedstates and their respectigeherence
characterizingelements (ofidiagonal elemats) areoutlined in Figure 7.3 with a greenand red

box where | dand |b& states are polarized respectivelys mentioned above in SABRE
experiments where parahydrogen is constantly replenished, hydinitles active SABRE catalyst

will puresinglet order. Thus, all spin evolution will stem from coherencesdf{affonal elements

in the density matrix) with these spin states. For this reason, the 3x3 blocks can be simplified to
highlight only the spin states and their respective coherehamcterizing elenms in a 2x2

matrix block. The specified 2x2 matrix blocks foftAnd [bdpolarization are shown iRigure

7.4A.
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Figure 7 4. [A] 2x2 matrix blocks for characterizingdind |b&polarization extracted frorG,
and [B] the initial density matrix indicating an initial pure singlet state.

Next, the two 2x2 matrix blocks are independently propagated using a solution to the
Liouville-Von Neumann equation, where

6 Q AMQ Eq. 14
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Here,p(0), which is shown ifrigure 7.4B, is the initial density matrix where only singlet
order on the hydridep{1 = 1) and no density in the transition to a triplet state with a corresponding

spin flip on*®N nuclei to|Ub&(p22 = 0). Similar derivations have previously been explaiffed.

3 % 0 Eq. 15
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Figure 75. [A] Simulateddensityplots sweeping through a range @, or polarization transfer
fields, in both a[A] strong Onn = 26 Hz) andB] weak Onc = 1 Hz) coupling systemin these
plots, we fix variables tdwn = 26 Hz andlin = 10 Hz.

We then extract and add thpe. elements(second diagonaljogether from both 2x2
matrices after propagation, since they characterize spin evolution on thelfargeiclei and
consequently describe polarization buildiipe resulting function is shown Equation 15. We
can then exploit this function to characterize spin order transfer in varying systems and for
elucidating ideal spin order transfer conditionSSBBRE For example, we can sweep different

v a | u e\sin bbtb a strapgly coupled system, like the SABRE system in the present case for the

115



anticancer drugs, or weakly coupled systems, lik€¢lpyruvate. Experimentally, we can vary
qv by altering the polarization transfer field. As a result, we can simply simulate polarization
transfer field sweeps. Simulated plots sweeping through a range of polarization transfer fields in
both a strongJux = 26 Hz) and weakJ{c = 1 Hz) coupling system are showrFigure 7.5A and
Figure 7.5B, respectively

Next, we account for the exchange dynamics of the system. During spin evolution on the
catalyst, there will be a certain number of substrates that dissociate with varying degrees of
polarization dependent on the duration spent on the catalyst. Onceatsddicm the catalyst or
in the st or aggokthefCoherent SHEATH puise, spin evdlution is siftiand the
spin states are temporarily locked. This is showifrigure 7.6 with an arbitrary sin function

representing spin evolution and acdging exponential representing dissociated substrates.
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Figure 7.6. Graphical depiction of simultaneous events of spin evolution and substrate exchange
during Coherent SHEATH pulse sequence.
Thus, it is appropriate to weight the spin evolution function with a decaying exponential

function, which we will callS E B , gover ned b yectThegesultingdunadiongse r at
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shown byEquation 16 and in plotted irFigure 7.8B. This function now describes the polarization

on target nuclei still bound to the catalyst at any given time point.

3%" 3% Q Eqg. 16
However,Equation 16 alone assumes that dissociated substrates are not polarized to any
degree and that reassociation events do not occur. Thus, we need to introduce a correcting term,
that we will call C, that accounts for polarization on dissociated and reassociatedesibstra
To account for the former, we simply integrate over SEB from 0 to the duration spent at an
ev ol ut i menand noredlizk. Thebhew function where we add the C term to SEB is shown

in Equation 17 and in plotted irFigure 7.8C.

3%"# 3 %" — Eq. 17

To account for the latter, we weight the correcting term C with an increasing exponential
function, which is proportional to new complexes formed or reassociated substrates. A graphical

description of this relationship is shownHRigure 7.7.
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Figure 7.7. Graphical depiction relating remaining complexes and new complexes fduriad

Coherent SHEATH pulse sequence.
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Thus, we weight C with a growing exponential function that we weight with a factor of 3,
and now call it C2, to account for additional sHoréd complexes where dissociation and
reassociation events t akreTheresaltng funtiom SEBHCRAi@n 0 n ¢
shown inEquation 18 and in plotted irFigure 7.8D. The complete derivation of the modedm

SE onwardsincluding how to fit the model to the daia Mathematica can be found Appendix

B.

3%"#C 3% —— p Q) Eq. 18
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Figure 7.8. Plotting stages of the derivation of the model after various assumptions. In these plots,
we fix variables talvn = 26 Hz,Jhh = 1 0 vH 20 Hz.q#] Spin evolution for the buildup of
polarization on the targétN nuclei when bound to the catalyst. [B] Spin evolution weighted with
a decaying exponential function governed by the excharaege. [C] Spin evolution weighted
with a decaying exponenti al fgawiththe additiorgobar er ne d
correcting term that accounts for polarization buifl on dissociated substrates. [D] Spin
evolution weighted with a decaying exgvihnenti a
the addition of a correcting term that accounts for polarization Hopilén dissociated and
reassociated substrates.

Now with the final model, SEB + C2, we can perform similar exercises as the one shown
in Figure 7.5 where we simulate the response of the model under a range of conditions. For

example, we can elucidate the effect of slower and faster exchanging substrates with respect to
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time and polarization. Experimentally, we can directly alter the exchange rates by increasing or
decreasing the temperature. A sweep ranging from complex lifetimes of 0.01s ta;6.19 (o

100s?) is shown in a density plot and 3D plotHigure 7.9,
0.1 ' '
0.06 ' |

0.02

[A]

Complex Lifetime (s)

50 ‘ 150 250

Time (ms)

Figure 7.9. Simulated[A] density plot and [B] 3D plotsweeping through a range ekchange
values. In these plots, we fix variableslit@ = 26 Hz,Juu= 10 Hz=10HMznd o
7.3: Fitting Model to Experimental Data

We tested the efficacy of the derived model with Coherent SHE&Xdrimental data on
two different substrates, letrozole and anastrozole. As discussed in the introduction, Coherent
SHEATH experiments allow rediime tracking of spin order transfer, making them ideal
experiments to challenge our model. We acquiredatdtaee different polarization transfer field
strengths (0.3 pT, 0.5 uT, and 0.7 uT) at three different temperaturé€ (30 °C, and 50°C)
resulting in nine plots for each substrate. Plots with our fitted model for anastrozole are shown in
Figure 7.10for various temperature&igure 7.10A-C) and polarization field strengthBigure
7.1D-F). As shown, our model has relatively good agreement with experimental results,

especially for, short durations of U
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Normalized Intensity
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Figure 7.10. Experimental Coherent SHEATH data (grey dots) for anastrozole overlaid with fitted
model (green lines) wheilexca n dv argpgranted freedom whillyy = 26 Hz andlqn = 10 Hz.
Data was collected at various-&] temperatures and polarization field strength$-|D

These experimental conditions should directly impact varidbtes n d/ regpectively in
our model. Since these are the variables that are altered in our experiments, we fix the remaining
variables to the values mentioned above and allow our model freedom to respond to the
experimental conditions for variablExca n dv. Aeummary of th@redictedvaluesfor Excand
q after fitting our modehcross all plots are shown Trable 7.1for letrozole andrable 7.2for
anastrozole. As shown, the model can accurately decipher between faster and slower exchanging
systems and higher drower frequency differences between the hydridest#ngarget nuclei.
Table 7.1 Summary of variables after fitting experimental data with the model for letfozole

granting freedonto optimizeExca n dv whgbe fixing Jyvw = 26 Hz andin = 10 Hz.
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Letrozole

Field Strength
0.3 uT 0.5 uT 0.7 uT
k,(s") | Av(Hz) | k, (") |Av(Hz) | k,(s") | Av (Hz)
o 30°C 15.6 11.0 115 | 224 13.7 34.1
QE) 40 °C 20.8 7.9 189 | 224 213 327
" 50°C 263 | 104 256 | 226 25.0 33.1

Table 72. Summary of variables after fitting experimental data with the model for anastrozole

granting freedonto optimizeExca n dv witpe fixing Jvn = 26 Hz andlin = 10 Hz.

Anastrozole

Field Strength
03 uT 0.5 uT 0.7 uT
k,(s) | Av(Hz) | k,(s") |Av(Hz) | k, (s") | Av(Hz)
o 30°C | 204 9.5 175 | 21.8 200 | 33.0
;EJ 40°C | 294 | 105 244 | 218 263 | 332
" 50°C | 37.0 9.3 385 | 21.2 357 | 323

Upon analysisthere is good agreement of the elucidated exchange ratesaébr
temperature at varying fields. Moreoyéhere is good agreement in terms of the elucidated
frequency differences for each field at varying temperatures. Togeieindicates that our
model can accurately differentiate between the effect of altering the temperature versus varying
the field strengthThe quality of our fits is highlighted ikigure 7.10 where we show fitted
experimental data for letrozole at varying temperatifggi(e 7.10A-C) and varying polarization
transfer fieldsEigure 7.10D-F).

7 4: Conclusion
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In conclusion, we developed a simple analytical model that showed good agreement with
experimental data across various experimental conditions and target substrates. The simplicity and
thus the advantage our model has over previously described systeradrstanthe absence of
demanding and complex steps which employ super operators or differential equations. Although
these models also show good agreement with experimentaftatmore indepth understanding
of SABRE mechanicsan be made from a simplequation

Not only does the model help further our understanding of the SABRE process, but it can
also be employed as an analytical tool that can extract key variables in SABRE systems. This is
highlighted by the results from fitting our model to experimental detta. model was able to
predict an increase in exchange rate as temperature increased. Additionally, the model was able to
predict an increase in frequency difference between the hydrides and target nuclei when elevating
the polarization transfer fieldn tis notion we believe that the model can shine a light on less
predictable variables that are critical for simulating the SABRE process. For example, we believe
the model can also be employed to undatbuplings in SABRE systems, which are otherwise
difficult to resolve.

7.5: Materials and Methods

Chemicals Letrozole and anastrozole were purchased from Tokyo Chemical Industry Co.,
Ltd. and Sigma&Aldrich, respectively, and used as delivered. Deuterated methanol was purchased
from Cambridge Isotope Laboratories and degassed prior to experimental use. Trayptecat
[Ir(IMes)(COD)CI] (IMes = 1,3bis(2,4,6trimethylphenyl)imidazeR-ylidene, COD = 1,5
cyclooctadiene), was synthesized in lab with commercially available starting materials, following

a previously published proceduf®.
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Sample Preparation All samples are prepared using standard Schlenk line conditions,
maintaining an oxygefree environment. Samples are prepared with a 30 mM substrate (letrozole
or anastrozol e) and a 3 mM precatalyst i n 50
transerred i nto a 7n medi umPVwahd conhest® totourborise( Wi | ma
fully automated, pneumatic shuttling syst&n®amples are then subjected to 100 psi of
parahydrogen, followed by 5 min of bubbling to activate the catalyst prior to experimentation.
Coherent SHEATH: Samples are shuttled to a dynamic PTF controlled by a DC power
supply and homéuilt solenoid coil inside munetal shields. The dynamic PTF alternates between
two distinct fields, an fAevolution fifiledo, der
dur at paogsespedivelyntimes for 90 s. The dynamic PTF is generated using a simple
circuit board, TTL lines, and solistate relays. In this method, a pulse sequence can be developed
using Bruker software to automates process. Largest signal enhancements are obseBgd at
0.5 €T while mM3@3Dntd@j nwhgch Bs ©ohe highest achi
design.
Chapter 7 Acknowledgements
Research reported in this publication was supported by the National Institute of Biomedical
Imaging and Bioengineering of the National Institutes of Health under Award Nos. NIH
R21EB025313 and NIH RO1EB029829. The content is solely the responsibility adittmors and
does not necessarily represent the official views of the National Institutes of Health. In addition,
the authors acknowledge funding from the Mallinckrodt Foundation, the National Science
Foundation under Award No. NSF CHB04780 from the Ni@nal Cancer Institute under Award

No. NCI 1R21CA220137, and from the North Carolina Biotechnology Center in the form of a

124



Transl|l ati onal Research Grant. Finally, they w

METRIC providing access to NMR instrumentation.

125



REFERENCES

(1) Lotz J. Interventional Vascular MRI: Moving ForwaElropean Heart Journa2013
327 329.

(2) McVeigh, E. R.; Guttman, M. A.; Lederman, R. J.; Li, M.; Kocaturk, O.; Hunt, T.;
Kozlov, S.; Horvath, K. A. Realime Interactive MRIGuided Cardiac Surgery: Aortic
Valve Replacement Using a Direct Apical Approadagn Reson Med006 56 (5), 958
964.

(3) R. Crutcher, T. Troland, A. Goodman, C. Heiles, |. Kazes, and P. M. OH Zeeman
Observations of Dark Cloudastrophys J1992 407 (1), 175 184.

(4) Bergin, E. A.; Tafalla, M. Cold Dark Clouds: The Initial Conditions for Star Formation.
Annu Rev Astron Astroph2607, 45, 339 396.

(5) Levitt, M. Spin Dynamics: Basics of Nuclear Magnetic Resonance, Second Ehbfigdn.
Phys2009 37 (1), 406 407.

(6) Nikolaou P.;GoodsonB.; ChekmenevE. Y. NMR Hyperpolarization Techniques for
Biomedicine.Chemistry- A European Journa2015 21 (8), 3156 3166.

(7) Kurhanewicz, J.; Vigneron, D. B.; Brindle, K.; Chekmenev, E. Y.; Comment, A,;
Cunningham, C. H.; DeBerardinis, R. J.; Green, G. G.; Leach, M. O.; Rajan, S. S.; Rizi, R.
R.; Ross, B. D.; Warren, W. S.; Malloy, C. R. Analysis of Cancer Metabolism byrgag
Hyperpolarized Nuclei: Prospects for Translation to Clinical Resesmtplasia2011,

13(2), 81 97.

126



(8) Hovener, J.; Pravdivtsev, A. N.; Kidd, B.; Bowers, C. R.; Gloggler, S.; Kovtunov, K. V.;
Pl aumann, M.; Katz Brull, R.; Buckenmaier,
Shchepin, R. V.; Wagner, S.; Bhattacharya, P.; Zacharias, N. M.; ChekmeiYev, E.
ParahydrogemBased Hyperpolarization for Biomedicinfgngewandte Chemi2018 130
(35), 1131011333.

(9) Mugler, J. P.; Altes, T. A. Hyperpolarized 129Xe MRI of the Human Luogrnal of
Magnetic Resonance Imagiag13 37 (2), 313 331.

(10) Abraham, M.; McCausland, M. A. H.; Robinson, F. Dynamic Nuclear Polarizétloys
Rev Lettl959 2 (11), 449 451.

(11) Baker, W. Dynamic Nuclear PolarizatidReviewf Moden Physics1962 34 (2), 173
184.

(12) Bifone, A.; Song, Y. Q.; Seydoux, R.; Taylor, R. E.; Goodson, B. M.; Pietrass, T.;
Budinger, T. F.; Navon, G.; Pines, A. NMR of Lagwlarized Xenon in Human Blood.
Proc Natl Acad Sci U S 2996 93(23), 1293212936.

(13) Walker, T. G.; Happer, W. RMP Colloquia Sgiixchange Optical Pumping of Nokzas
Nuclei. 1997 69 (2), 629 642.

(14) Navon, A. G.; Song, Y.; R66m, T.; Appelt, S.; Taylor, R. E.; Pines, A. Enhancement of
Solution NMR and MRI with LaselPolarized XenonAmerican Association for the
Advancement of Science Staldl@9g 271(5257), 18481851.

(15) Korchak, S.; Kaltschnee, L.; Dervisoglu, R.; Andreas, L.; Griesinger, C.; Gloggler, S.
Spontaneous Enhancement of Magnetic Resonance Signals Using a RgERandte

Chemie- International Edition2021, 60 (38), 2098420990.

127



(16)

(17)

(18)

(19)

(20)

(21)

(22)

Appelt, S.; Lehmkuhl, S.; Fleischer, S.; Joalland, B.; Ariyasingha, N. M.; Chekmeneyv, E.
Y.; Theis, T. SABRE and PHIP Pumped RASER and the Route to Claosal of

Magnetic Resonan@021, 322

Yang, J.; Wang, P.; Korvink, J. G.; J. Brandner, J.; Lehmkuhl, S. The S&tatdy
ALTADENA RASER Generates Continuous NMR Sign&@femPhysChe2023 24.
Joalland, B.; Ariyasingha, N. M.; Lehmkuhl, S.; Theis, T.; Appelt, S.; Chekmenev, E. Y.
Parahydrogefinduced Radio Amplification by Stimulated Emission of Radiation.
Angewandte Chemidnternational Edition202Q 59 (22), 8654 8660.

Eshuis, N.; Van Weerdenburg, B. J. A.; Feiters, M. C.; Rutjes, F. PJT; Wijmenga, SS;
Tessari, M. Quantitative Trace Analysis of Complex Mixtures Using SABRE
HyperpolarizationAngew. Chem., Int. E2015 54 (5), 1481 1484.

Golman, K.; Axelsson, O.; Jéhannesson, H.; Mansson, S.; Olofsson, C.; Petersson, J. S.
Parahydrogefinduced Polarization in Imaging: Subsecond 13C Angiogradiagn

Reson Me@001, 46 (1), 1i 5.

FrieseaWaldner, L. J.; Wade, T. P.; Thind, K.; Chen, A. P.; Gomori, J. M.; Sosna, J.;
McKenzie, C. A.; KatzBrull, R. Hyperpolarized Choline as an MR Imaging Molecular
Probe: Feasibility of in Vivo Imaging in a Rat Mod&burnal of Magnetic Resonance
Imaging2015 41 (4), 917 923.

Cavallari, E.; Carrera, C.; Reineri, F. ParaHydrogen Hyperpolarized Substrates for

Molecular Imaging Studiessr J Chen2017, 57 (9), 833 884.

128



(23)

(24)

(25)

(26)

(27)

(28)

Gallagher, F. A.; Woitek, R.; McLean, M. A.; Gill, A. B.; Garcia, R. M.; Provenzano, E.;
Riemer, F.; Kaggie, J.; Chhabra, A.; Ursprung, S.; Grist, J. T.; Daniels, C. J.; Zaccagna,
F.; Laurent, M. C.; Locke, M.; Hilborne, S.; Frary, A.; Torheim, T.uBmell, C.;

Schiller, A.; Patterson, I.; Slough, R.; Carmo, B.; Kane, J.; Biggs, H.; Harrison, E.; Deen,
S. S.; Patterson, A.; Lanz, T.; Kingsbury, Z.; Ross, M.; Basu, B.; Baird, R.; Lomas, D. J.;
Sala, E.; Wason, J.; Rueda, O. M.; Chin, S. F.; Wilkintds.,, Graves, M. J.; Abraham,

J. E.; Gilbert, F. J.; Caldas, C.; Brindle, K. M. Imaging Breast Cancer Using
Hyperpolarized Carbea3 MRI. Proc Natl Acad Sci U S 202Q 117(4), 2092 2098.

Nelson, S. J.; Vigneron, D.; Kurhanewicz, J.; Chen, A.; Bok, R.; Hurd, R-DNP
Hyperpolarized 13C Magnetic Resonance Metabolic Imaging for Cancer Applications.
Appl Magn ResoR008 34 (3i 4), 533 544.

Nonaka, H.; Hata, R.; Doura, T.; Nishihara, T.; Kumagai, K.; Akakabe, M.; Tsuda, M.;
Ichikawa, K.; Sando, S. A Platform for Designing Hyperpolarized Magnetic Resonance
Chemical ProbedNat Commur2013 4, 1i 7.

Rayner, P. J.; Duckett, S. B. Signal Amplification by Reversible Exchange (SABRE):
From Discovery to Diagnosisingewandte Chem2018 130(23), 6854 6866.

Adams, R. W.; Duckett, S. B.; Green, R. A.; Williamson, D. C.; Green, G. G. R. A
Theoretical Basis for Spontaneous Polarization Transfer inRHNaiogenative
Parahydrogefinduced Polarizationlournal of Chemical Physi@&)09 131(19).

Adams, R. W.; Aguilar, J. A.; Atkinson, K. D.; Cowley, M. J.; Elliott, P. I. P.; Duckett, S.
B.; Green, G. G. R.; Khazal, I. G.; Lop8errano, J.; Williamson, D. C. Reversible
Interactions with Parélydrogen Enhance NMR Sensitivity by Polarizatioasfer.

Science (19793009 323(5922), 17081711.

129



(29) Lloyd, L. S.; Asghar, A.; Burns, M. J.; Charlton, A.; Coombes, S.; Cowley, M. J.; Dear,
G. J.; Duckett, S. B.; Genov, G. R.; Green, G. G. R.; Highton, L. A. R.; Hooper, A. J. J,;
Khan, M.; Khazal, I. G.; Lewis, R. J.; Mewis, R. E.; Roberts, A. D.;dRestlen, A. J.
Hyperpolarisation through Reversible Interactions with Parahydr@pal Sci Technol
2014 4 (10), 35443554,

(30) Duckett, S. B.; Mewis, R. E. Application of Para Hydrogen Induced Polarization
Techniques in NMR Spectroscopy and Imagitsgc Chem Re®012 45(8), 1247 1257.

(31) lali, W.; Rayner, P. J.; Duckett, S. B. Using Parahydrogen to Hyperpolarize Amines,
Amides, Carboxylic Acids, Alcohols, Phosphates, and Carboratesdv2018 4 (1), Ii
7.

(32) Heisenberg, W. Mehrkérperprobleme Und Resonanz in Der Quantenmechanik. II.
Zeitschrift fur Physiki927 41 (8i 9), 239 267.

(33) Hund, F. Zur Deutung Der Bandenspektr@eitschrift fir Physik 927, 42, 93.

(34) Dennison, D. A Note on the Specific Heat of the Hydrogen Mole&dg. Soc. Proc.

1927, 115(1), 483 486.

(35) Mclennan, J.Mcleod, J The Raman Effect with Liquid Oxygen, Nitrogen, and Hydrogen.
Nature1929 123 160.

(36) Bonhoeffer, K.;Harteck,P.; Experimente Uber Par&nd Orthowasserstoff.
Naturwissenschaften929 17, 182.

(37) Pauli, W. Uber Den Zusammenhang Des Abschlusses Der Elektronengruppen Im Atom
Mit Der Komplexstruktur Der Spektre@eitschrift fur Physik 925 31 (1), 765 783.

(38) Pauli, W. The Connection between Spin and Statid@lcgsical Revievt94(Q 58 (8),

716 722.

130



(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

Schmauchg.; Singleton, A-Technical Aspects of OrthBarahydrogen Conversioimd

Eng Chenl964 56 (5), 20 31.

Levine, I. N. Quantum Chemistrilew York2014

Farkas A. Early Catalysis Research with Pd&igdrogen and Heavy HydrogeAmerican

Chemical Society Serid983 89 117.

Silvera, I. F.The Solid Molecular Hydrogens in the Condensed Phase: Fundamentals and

Static PropertiefRev. Mod. Phyd98Q 52 393452
Harkness, R. W.; Deming, W. E. The Equilibrium of Para and Ortho Hydrdgem.
Chem S0d 932 54 (7), 2850 2852.

Zhang, X.; Karman, T.; Groenenboom,

G.

C.

Conversion: Sol vi n dlatmal Xience@®@hIr(1),@B.d My st er y.

Wigner, E.; Seitz, FOn the Constitution of Metallic Sodiyi933 41.

Wigner, E. PUber Die Paramagnetische U Mwandlung von R&@&howasserstoff.

Zeitschrift fur phyikalische Chemiel®33 23, 2832

TomHon, P.; Akeroyd, E.; Lehmkuhl, S.; Chekmenev, E. Y.; Theis, T. Automated

Pneumatic Shuttle for Magnetic Field Cycling and Parahydrogen Hyperpolarized

Multidimensional NMR Journal of Magnetic Resonan262Q 312 106700.

Hovener, 3JB.; Bar, S.; Leupold, J.; Jenne, K.; Leibfritz, D.; Hennig, J.; Duckett, S.; von

Elverfeldt, D. A Continuou$-low, High-Throughput, HighPressure Parahydrogen
Converter for Hyperpolarization in a Clinical SettidIR Biomed013 26.

llisca, E. Hydrogen Conversion in Nanocadégdrogen2021, 2 (2), 160 206.

131






