
ABSTRACT 

MACCULLOCH, KEILIAN JOHN. Advancements in Signal Amplification by Reversible 

Exchange and Translation to Pre-Clinical Trials. (Under the direction of Prof. Thomas Theis).  

 

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 translation to in vivo 

detection, and describes a new method to model the relevant spin physics and evolution. The first 

three chapters provide relevant background information to grasp the conceptually demanding 

space of magnetic resonance, parahydrogen, and SABRE respectively. This comprehensive 

background is followed by four chapters of new science representing the core of this PhD. Chapter 

4 and 5 showcase the expansion of the SABRE substrate scope to clinically relevant classes of 

molecules, antifungal and anticancer drugs, respectively. Chapter 6 highlights a 3-year long project 

that broke the barrier of in vivo use, a fete thatôs been desired for well over a decade. Finally, 

chapter 7 presents an analytically derived model for characterizing spin physics during the 

dynamic SABRE process.      
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CHAPTER 1: Background 

1.1: Magnetic Resonance 

With the onset of quantum mechanics in the early 20th century, the elucidation of magnetic 

moments in particles (or waves, but this topic is for another day) quickly followed. In fact, by 

1943, the first Nobel Prize for work related to magnetic resonance (MR) was awarded to Otto 

Stern. In his decorated career, the discovery of the magnetic moment of a proton merited 

significant contribution for the award. The following year, another Nobel Prize was awarded to 

work done in the field of MR. In 1944, Isidor Rabi was a recipient for his contributions to recording 

the magnetic properties of atomic nuclei, establishing the resonance method. Just two years later, 

Felix Bloch and Edward Purcell refined Rabis methods to probe resonance signal in both liquids 

and solids and consequently birthed modern magnetic resonance techniques. For their efforts, they 

were awarded the Nobel prize in 1952. Upon these developments, the first commercially available 

NMR instrument was fabricated by Varian and Associates in the same year. Since then, 3 more 

Nobel Prizes have been awarded for work encompassing MR methodologies, spanning the fields 

of medicine and chemistry. This group of people includes the 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 (NMR). Over the course of time, 

MRI and NMR instruments acted as the grounding pillars for the continued success of MR. Today, 

MR techniques have a remarkably vast range of applications, from aiding doctors in surgery,1,2 to 

elucidating the composition of matter clouds in space.3,4 

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

biology, physics, medicine, and chemistry, as indicative by numerous Nobel prizes. MR tools have 
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proven to be paramount in elucidating chemical and morphological structure. The advantage of 

MR techniques stems from the inherent chemical shift resolution. Based on the chemical 

environment surrounding the nucleus, the electrons will be more 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 frequencies determined by the chemical 

environment and type of nuclei. Moreover, spins can communicate to one another, which we call 

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

means that MR techniques can not only determine the direct chemical environment around a 

nucleus, but also what neighboring spins are close by, and how close.5  

The growth of current generation MR techniques is remarkable considering the inherently 

low sensitivity. The low sensitivity in MR resides in the fundamental approach of measuring 

minute spin population differences between spin states (larger differences leads to higher 

sensitivity). The relative population of spin states is called thermal polarization and is magnetic 

field dependent ï as the field increases, so does the polarization. For this reason, inconveniently 

massive, superconducting magnets are inevitably intertwined with MR approaches. These large 

devices have become omnipresent around the globe and a staple of the technique. 

However, even the worldôs largest magnets in the early 21st century do not tap into the 

enormous potential of MR. This concept is best illustrated through an example. Consider an 

ensemble of 330 million 1H nuclei (the most magnetically active nucleus) inside a clinically 

relevant field of 3 T. Under ambient conditions, the thermal polarization is a mere ~0.00001% (1 

in 100000), equating to a ~3400 spin difference between the available spin states. The difference 

in population is directly proportional to the signal intensity, which is discussed in more detail in 

the preceding section. Nonetheless in other words, 3400 spins can be exploited for information, 
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while the remaining hundreds of millions of spins cancel out. The number of spins in this example 

was not chosen at random. According to the United States Census Bureau, 330 million is the 

estimate population of the United States (US) as of 2023. Ironically, the faculty at North Carolina 

State University (NCSU) is around 9000, over 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 magnet. Under the described conditions, a 3000 T magnet would be required 

to generate thermal polarization reaching only 1% (just 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 

unimaginable (or one can simply travel near a neutron star). 

1.2: Sensitivity in Magnetic Resonance 

To help understand sensitivity in MR, it is helpful to get familiar with the nature of nuclear 

spin. Although the complexity of spin may never be fully characterized by humans, over century 

long span we have harnessed enough knowledge to understand and paint a clear picture of the 

basics.    

Many atoms on the periodic table have isotopes with nuclei that exhibit magnetic moments, 

governed by the number and orientation of protons and neutrons. This Newtonian-like angular 

momentum gives rise to magnetic properties in the nucleus of an atom. In this case, we classify 

these isotopes as magnetically active and in turn say they possess nuclear spin, I. The total number 

of spin states, J, available for a nucleus is dependent on the spin of the nuclei and can readily be 

determined using Equation 1. When the external magnetic field, B0, is equal to zero (B0 = 0) then 

the spin states energy levels are degenerate. Since all relevant work discussed in this document 

deals with spin ½ nuclei, specifically 1H, 13C, and 15N nuclei, we will only consider these systems 
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herein. Using Equation 1, we can determine that spin ½ nuclei have two available spin states. 

  ὐ ςὍ ρ  Eq. 1 

The degeneracy of the spin states is broken when subjected to an external magnetic field 

(B0 Í 0). In this case, the spins precess about the axis of B0. The rate at which the spins precess is 

commonly referred to as the Larmor frequency and is denoted ɤ0. The Larmor frequency is 

magnetic field dependent. The relationship between B0 and ɤ0 is linear and is governed by the 

relationship between the magnetic moment of the nucleus and its angular momentum. This is 

referred to as the gyromagnetic ratio, ɔ, which is constant for any given nucleus and essentially 

describes its magnetic sensitivity. Thus, ɤ0 can be accurately approximated using Equation 2.    

‫ ‎ὄ,  Eq. 2 

As previously stated, there are two available spin states in a spin ½ system. In a physical, 

Newtonian sense, the spins behave similarly to bar magnets, with fixed dipole moments (a positive 

and negative side). Spins, analogous to bar magnets, spontaneously align parallel or antiparallel to 

B0, as shown in Figure 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 as spin up and denoted in quantum mathematics as |Ŭἃ. As such, the 

antiparallel spins are referred to as spin down and are denoted |ɓἃ. The energy separation between 

spin up and spin down states has been coined Zeeman splitting. Zeeman splitting scales linearly 

with the magnetic field and can be calculated using Equation 3, where h represents planks 

constant.  
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Figure 1.1. Bar magnets aligning parallel and antiparallel about the axis of an external magnetic 

field, analogous to spin ½ nuclei.   

  ЎὉ ‎Ὤὄ  Eq. 3 

                       ὖ ÔÁÎ
ᴐ ȿἃ ȿἃ

 ȿἃ ȿἃ
   Eq. 4 

The relative energy splitting for 1H, 13C, and 15N nuclei are shown in Figure 1.2 across a 

range of magnetic fields. Since ɔ1H å 4 Ĭ ɔ13C å 10 Ĭ ɔ15N, at any given field, the energy separation 

between spin states follows the trend 1H > 13C > 15N. The relative population of spins occupying 

the available spin states, typically referred to as thermal polarization, P, can be calculated using 

Boltzman statistics, summarized in Equation 4.5 Here, kB represents the Boltzman constant, and 

T is the temperature. When analyzing Equation 4, it is apparent that increasing energy separation 

between spin states results in larger P. Thus, at any given magnetic field utilizing congruent 

parameters, 1H nuclei will have the largest P, followed by 13C nuclei, and then 15N nuclei. With 

that being said, the energy separation between spin states is tiny, and vastly overshadowed by 

thermal energy (kBT >>> ȹE1H,13C,15N), even if fields are elevated towards early 21st century 

limitations. Consequently, thermal polarization is always tiny. The extent of this is highlighted 

with an abstract example in the previous subsection (1.1).  
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Figure 1.2. Zeeman splitting for 1H, 13C, and 15N nuclei displayed over a range of magnetic fields. 

When spins are subjected to a magnetic field and P Í 0, differing populations of spins are 

oriented spin up (>50%) and spin down (<50%). Accordingly, a net dipole is generated, which is 

formally termed net magnetization. A vector representation of the described net magnetization is 

illustrated in Figure 1.3A. In traditional MR techniques, the vector is excited with radiofrequency 

(RF) pulses. The result of a hard excitation pulse is shown in Figure 1.3B, where the vector is 

rotated 90° from the z-axis into the x-y plane where a sensor can detect the fluctuations in current 

caused by the frequencies in the ensemble. The resonant frequency during relaxation back to 

thermal equilibrium is detected, and predominantly generates a free induction decay (FID), as 

illustrated in Figure 1.3C. The resulting FID is then processed via fast Fourier transform (FFT) to 

give a frequency encoded spectrum, as shown in Figure 1.3D. The size of net magnetization 

relative to noise dictates sensitivity. Since polarization is the foundation of net magnetization, net 

magnetization is always tiny. Thus, MR techniques have inherently low sensitivity.  
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Figure 1.3. Traditional MR acquisition process. [A] Vector representation of net magnetization 

generated within an ensemble of spins when subjected to an external magnetic field. [B] 

Magnetization excited into the x-y pane by a radio-frequency 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 is Fourier transformed into a frequency domain.  

1.3: Hyperpolarization 

The urge to push sensitivity in MR has led to significant advances in high-field NMR and 

MRI instrumentation. Large superconducting magnets are now omnipresent around the globe in 

scientific settings, acting as a leading analytical tool for biologists, physicists, chemists, and 

medical professionals. The act of manipulating the environmental parameters to increase thermal 

polarization (and thereby sensitivity), like increasing the magnetic field, are termed brute force 

methods. However, brute force methods are very limited, even with modern technology and 

methodologies, and consequently sensitivity lags. 

Fortunately, methodologies have been developed that do not rely on thermal polarization. 

These methods, termed hyperpolarization (HP),6ï14 drive polarization towards unity, far away 
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from thermal equilibrium. A visual graphic of thermal polarization compared to HP is illustrated 

in Figure 1.4. HP modalities harness and external source of spin order to transfer magnetization 

onto a target nucleus on a substrate. The hyperpolarized substrate can then be used in tandem with 

existing MR infrastructure, or without, creating new applications and unravelling new phenomena, 

such as Radio Amplification by Stimulated Emission of Radiation (RASER).15ï18 New 

applications range from trace analysis in complex mixtures19 to next generation molecular 

imaging.20ï24 

 

Figure 1.4. Pictorial representation of a hypothetical difference in the relative populations of |Ŭἃ 

and |ɓἃ spin states at thermal polarization vs hyperpolarization. The corresponding hypothetical 

spectra generated from thermal polarization and hyperpolarization are shown below.  
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Many HP techniques have been investigated within the last century. These techniques are 

largely differentiated based on the external source of spin order employed. For instance, Dynamic 

Nuclear Polarization uses an array of methods to transfer net magnetization from thermally 

polarized electrons (ɔe å 660 Ĭ ɔ1H).10,11,25 DNP has been the most extensively studied HP technique 

and particularly shines in the field of next generation molecular imaging. This is highlighted by 

clinical trials involving DNP, which exceeds 30 as of 2023, according to clinicaltrials.gov. DNP 

has a wide-ranging substrate scope and can generate large amounts of polarization. However, DNP 

has proven to be very expensive, lengthy, and technically challenging. Another notable HP 

technique is Spin Exchange Optical Pumping (SEOP).12ï14 SEOP uses polarized light as a source 

of spin order to hyperpolarize gases. SEOP is limited to noble gases, and thus has a very small 

substrate scope. Nevertheless, SEOP was the first HP technique to gain FDA approval for human 

use in 2022. SEOP is primarily employed to hyperpolarize 129Xe for elucidating abnormalities 

through lung imaging. 

  Aside from harnessing the spin order from highly polarized electrons or light, 

parahydrogen has since gained traction as an additional prime spin source.20,26ï31 ParaHydrogen 

Induced Polarization (PHIP) is the HP technique employed in the work conducted in this 

dissertation, specifically a sub-branch technique called Signal Amplification by Reversible 

Exchange (SABRE). Thus, the 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 advancements for the ParaHydrogen 

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

Reversible Exchange (SABRE). Moreover, this work paves a road enabling a broader range of 
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applications. To comprehend the importance and nature of the presented body of work, a thorough 

description of the background science is first given. Following this, several advancements forming 

the core of this PhD, most of which have been highlighted by peer reviewed publications, will be 

presented.   

Chapter 2 will lead directly into a theoretical description of parahydrogen and then 

extensive details will be given on how to generate parahydrogen, including real laboratory 

examples. This chapter will be capped with an introduction into the various uses of parahydrogen 

for hyperpolarization. The text will then shift to a specific PHIP modality, SABRE, that is the 

primary focus of the dissertation. As a result, chapter 3 will deep dive into the theory of SABRE, 

from the catalyst requirements to the complex spin dynamics exploited with this technique, and 

end with some details of traditional experimental approaches. The proceeding chapters will switch 

gears from background information to the progress made with SABRE over this PhD.  

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 compared to typical SABRE 

substrates. We not only successfully hyperpolarized these substrates for both 1H and 15N nuclei, 

but also detailed various optimization studies that increase polarization. Chapter 5 will have a 

similar storyline to chapter 4. Here, we extend the SABRE substrate scope to current generation 

anticancer drugs. Like the antifungal agents, these drugs were larger than most SABRE substrates 

and had additional substituents that could potentially interact with the catalyst. We successfully 

hyperpolarized these molecules and conducted advanced studies to elucidate 15N hyperpolarization 

dynamics. In this work, we pushed polarization over 10% using novel dynamic pulse sequences 
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and extended 15N T1 lifetimes to over 9 minutes. These qualities are exceptional for potential future 

applications, including more sensitive drug screening and trace analysis.  

The following section, Chapter 6, is a big shift from the first two projects. In this chapter, 

we overcome the major hurtles preventing the translation of SABRE hyperpolarization to be used 

in vivo by monitoring SABRE hyperpolarized 13C signal in living, healthy rats. This work is a 

tremendous leap for our field and has been long awaited since its inception in 2009. The efforts 

spent achieving this milestone spans across numerous years from many of the authors. A highlight 

of this work is the push towards biocompatibility. Not only did we showcase the first ever in vivo 

results, but we additionally made efforts to mitigate the translation to clinical trials by generating 

a more biocompatible solution. 

The final chapter leaps into the physical chemistry side of SABRE, specifically spin 

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 

robustness of the model. The model can accurately extract important SABRE parameters, 

including the active 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 contributions to the SABRE and broader scientific community 

described in the latter chapters of the document.   
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CHAPTER 2: Parahydrogen 

Hyperpolarization techniques harness an external source of spin order to hyperpolarize 

target molecules. As mentioned in the previous chapter, sources of spin order can range from 

polarized electrons to polarized photons. In the case of SABRE, parahydrogen, a spin isomer of 

molecular hydrogen, is the source of spin order. 

2.1: Spin Isomers of Molecular Hydrogen 

The discussion of spin states in context to molecular hydrogen dates to as early as 1927. 

At this time in the early decades of quantum mechanics, bright mines including Heisenburg,32 

Hund,33 and Dennison34 eagerly began postulating the existence of discrete spin isomers in 

molecular hydrogen. It wasnôt until a couple years later, when two different partners, McLennan 

and McLeod, and Bonhoeffer and Harteck both gathered experimental evidence of this natural 

phenomena.35,36 Today, the spin states of molecular hydrogen are well documented and described 

by quantum mathematics. 

Molecular hydrogen is comprised of two hydrogen atoms that can be partitioned into two 

spin ½ particles. As discussed in the introduction, spin ½ particles have two available spin states, 

Ŭ or ɓ. Therefore, there are four possible spin combinations, as shown in Equation 5.  

ὤὩὩάὥὲ ὄὥίὭί 

                   ‌ὃ‌ὃǬ          ‍ὃ‍ὃǬ          ‌ὃ‍ὃǬ         ‍ὃ‌ὃǬ Eq. 5 

 ρ                           ς                             σ                           τ  

However, when considering pairs of magnetically equivalent spins, the Zeeman basis 

becomes less appropriate, as pairs of atoms begin acting collectively as one entity, instead of 

distinct entities. In this situation, the singlet-triplet basis best represents the system.5 Upon 

transformation into the singlet triplet basis, functions 1 and 2 are congruent, while functions 3 and 
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4 become normalized superpositions of Ŭɓ and ɓŬ with differing signs. The resulting functions, 

now adapted to the single-triplet basis, are shown in Figure 2.1 with corresponding nomenclature. 

The triplet states (T) with symmetric wavefunctions are formally known as orthohydrogen and act 

analogously to a particle spin with I = 1. Here, T+, T0, and T- are analogous to states 1, 0, and -1 

respectively. The singlet state (S) with an antisymmetric wavefunction is known as parahydrogen 

and acts analogously to a particle spin with I = 0. 

 

Figure 2.1. Spin states of molecular hydrogen in singlet-triplet basis.  

2.2: Parahydrogen Generation 

The wavefunction is a central concept in quantum mechanics that serves multiple crucial 

purposes in describing and understanding quantum systems. Its usage is fundamental to the 

framework of quantum theory and provides a powerful tool for making predictions and explaining 

the probabilistic nature of quantum phenomena. Understanding the symmetrical guidelines of the 

wavefunction of molecular hydrogen allows us to unravel the mystery behind modern techniques 

for parahydrogen generation. 

2.2.1: Theory 
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The overall wavefunction of molecular hydrogen, Ɋtot, can be expressed by the product of 

wavefunctions from individual components. The individual components of the wavefunction for 

molecular hydrogen are summarized in Table 2.1. These components consider the translational, 

vibrational, electronic, rotational, and nuclear spin wavefunctions of molecular hydrogen. 

Accordingly, the total wavefunction for molecular hydrogen is shown in Equation 6. 

Table 2.1. Wavefunction components of molecular hydrogen.  

WAVEFUNCTION SYMBOL  COMPONENT DESCRIPTION  

ɊTRAN Translation 

ɊVIB  Vibrational 

ɊELEC Electronic 

ɊROT Rotational 

ɊSP Nuclear Spin 

 

ɰ ɰ ɰ ɰ ɰ ɰ      Eq. 6 

 

One of quantum mechanics fundamental principles, the Pauli exclusion principle, governs 

the behavior of identical fermions such as electrons, or in the present case protons. The Pauli 

exclusion principle dictates that the exchange of two fermions leads to a change in sign of the 

wavefunction.37,38 This antisymmetric characteristic ensures that the probability density of finding 

two fermions in the same state is zero, which aligns with the fundamental behavior of fermions. 

Therefore, if  two fermions with independent wavefunctions ɣ1 and ɣ2 orient, the overall 

wavefunction Ɋ must be antisymmetric. This also implies that upon exchange of the fermions, the 

antisymmetric nature of the wavefunction must be conserved. The outcome of this guideline 

imprints constraints on the nature of molecular hydrogen and is mathematically expressed by 
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Equation 7.39 Here, H1 and H2 represent distinct hydrogen atoms, and the negative sign on the 

right-hand side indicates the antisymmetric nature of the wavefunction.  

                  ὌȟὌ  ὌȟὌ      Eq. 7 

By analyzing each component of the wavefunction of molecular hydrogen from Table 2.1, 

we can set guidelines to ensure Equation 7 is satisfied. The translational component describes the 

3-dimensional movement of molecular hydrogen through space and does not affect exchange. 

Similarly, the vibrational component, which describes the oscillation between the protons in 

molecular hydrogen does not affect exchange. Moreover, the ground state electronic component 

of molecular hydrogen is also symmetric.40 Therefore, to satisfy Equation 7, one of the nuclear 

spin wavefunction or the rotational wavefunction must be antisymmetric whereas the other must 

be symmetric. This results in the pairing of symmetric rotational states (J = 0, 2, 4é) with 

parahydrogen and pairing of antisymmetric rotational states (J = 1, 3, 5é) with orthohydrogen.41  

    Ὁὐ ὄὐ  ὐ ρ Ὀὐὐ ρ Ὄὐὐ ρ     Eq. 8 

The energy of the quantized rotational states of molecular hydrogen can readily be 

approximated using Equation 8. Here, J refers to the rotational state and Bv, Dv, and Hv represent 

rotational constants. For molecular hydrogen, these values were experimentally determined to be 

Bv = 59.33, Dv = 4.59×10-2, Hv = 5.2×10-5.42 For quick approximation, the first term can be used 

without the second and third correction terms. Generally speaking, molecules with larger atoms 

and longer bond lengths have smaller rotational constants and smaller energy spacings. This is 

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

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

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

constant drops to roughly 15. 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 spacings. Molecular hydrogen is 

the smallest diatomic molecule and is therefore expected to have large energy gaps between states. 

The energy separation between rotational states for molecular hydrogen and nitrogen are 

graphically illustrated in Figure 2.2. The rotational states of molecular nitrogen are shown side by 

side with molecular hydrogen to showcase the unique rotational characteristics of molecular 

hydrogen, where energy spacing is large. In this comparison, J = 1 state in molecular hydrogen is 

higher in energy than J = 7 state in nitrogen. This means that much lower temperatures, deep inside 

the liquid phase, would be necessary to produce polarized molecular nitrogen. For this reason, 

polarized nitrogen is not readily employed for hyperpolarization modalities.  

 

Figure 2.2. Rotational energy states for molecular hydrogen and nitrogen, exemplifying energy 

difference between rotational states in different size systems. 
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Understanding the energy distribution of the rotational energy levels of molecular 

hydrogen unlocks the ability to readily generate parahydrogen. Since parahydrogen is coupled to 

J = 0, and since the energy gap between J = 0 and J = 1 is large, the equilibrium population 

eminently favors J = 0 at lower temperatures. Since the nature of the population distribution 

between rotational states is energy dependent, consequently the relative population of 

orthohydrogen and parahydrogen are energy dependent. The relationship between orthohydrogen 

and parahydrogen as a function of temperature can be modeled using Boltzman statistic.43 A plot 

from T = 0 K to T = 350 K showcasing the thermal equilibrium percentage of parahydrogen is 

shown in Figure 2.3.  

 

Figure 2.3. The percentage of parahydrogen at thermal equilibrium from 0 to 350 K. Dotted lines 

are present to indicate thermal equilibrium at ambient (25%), liquid nitrogen (77%), and 

compressed helium (>99%) temperatures. 

At room temperature, all four spin states are found in equal proportions, which corresponds 

to a 3:1 ratio of orthohydrogen to parahydrogen. However, upon cooling, the ratio quickly tilts 

towards parahydrogen. When cooling with liquid nitrogen at approximately 77 K, the ratio 
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becomes 1:1 at thermal equilibrium, corresponding to 50 % parahydrogen and 50% orthohydrogen. 

With advances in technology, commercially available helium compressors and cryocoolers are 

available that can reach temperatures lower than 25 K. At these temperatures, the thermal 

equilibrium of the parahydrogen spin isomer is >99%. However, the conversion of orthohydrogen 

(triplet) to parahydrogen (singlet) is symmetry forbidden.41,43 Thus, simply lowering the 

temperature is not sufficient for inducing spin conversion in a timely manner. Nevertheless, there 

are several developed methods to help catalyze 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 broken and the atoms are not oriented. Then, 

upon reassociation (reorientation), the new molecular hydrogen molecule will be tailored to a 

thermally distributed equilibrium.  

From 1933 to 1980,42,44 the physical approaches relied on magnetic inhomogeneity from a 

material that results in a perturbation in the symmetry of the molecular Hamiltonian of hydrogen. 

Upon perturbation, spin transitions between orthohydrogen and parahydrogen become accessible. 

The conversion efficiency of various materials has been extensively investigated over the last 

century. From this large body of work, three intrinsic material characteristics stood above the 

others in terms of conversion efficiency.  An efficient conversion material has high capacity for 

molecular hydrogen adsorption, is highly paramagnetic, and should have the ability to produce a 

large magnetic moment.39 This work was strongly pushed by Eugene Wigner, who developed the 

first theoretical model employed to determine the conversion efficiency between orthohydrogen 

and parahydrogen using magnetic materials.45,46 However, in 1982, during experiments designed 

for observing rotational excitation of molecular hydrogen absorbed on surfaces using electron 
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energy loss spectroscopy, results generated also suggested the catalysis of orthohydrogen to 

parahydrogen with non-magnetic Ag.42 Specifically, it was elucidated 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 parahydrogen conversion. 

Regardless, cooling hydrogen gas in the presence of an appropriate magnetic conversion 

catalyst, e.g. Iron(III)oxide-hydroxide, is an efficient approach to generate parahydrogen upon 

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 these systems, copper or stainless-

steel tubing is filled with a conversion material and molded into a coil. The coil is then submerged 

into a dewar of liquid nitrogen. Next, hydrogen gas flows through the tubing, and at appropriate 

flow rates, 50% parahydrogen can be generated. A picture of the described set up is shown in 

Figure 2.4, where the coils is attached to an automated bubbling system for direct use in 

experiments.47   
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Figure 2.4. Coiled stainless steel tubing (highlighted in green) that is used 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 helium is <5 K. This is convenient as >99% 

parahydrogen is thermodynamically preferred at temperatures <38 K. This means there is a safe 

~25 K operating window where nearly 100% parahydrogen can be generated. Commercially 

available helium compressors are available that can readily access these temperatures. Pairing 

helium compressors with commercially available cryocoolers enables the engineering of systems 

that generate >99% parahydrogen. An image of a helium compressor (blue) paired up with a 

cryostat (silver) both from Advanced Research Systems48 is shown in Figure 2.5. 
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Figure 2.5. Image of a commercially available helium compressor (blue) and cryocooler (silver) 

from Advanced Research Systems employed for 99% parahydrogen generation. 

Parahydrogen generation for hyperpolarization modalities is not the only time society has 

taken a keen interest to parahydrogen. Aside from scientist hoping to further the reach of quantum 

mechanics, the Space Race, which was a crucial part of the broader Cold War competition between 

the United States and the Soviet Union post WWII, also drove attention to parahydrogen 

generation. Since the conversion of orthohydrogen to parahydrogen is exothermic, liquid hydrogen 

has higher boil-off rates when hydrogen is liquified and not converted to parahydrogen.49 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 example, boil-off rates need to be 

mitigated. For this reason, liquid hydrogen fuel requires conversion into parahydrogen prior to 

long-term storage.  

2.2.2: Home-Built 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 in the previous subsection (2.2.1). As such, 

significant care and caution should be taken with not only the generation of parahydrogen, but  the 

manipulation of the gas thereafter to ensure safety. For this reason, we have developed a novel 

parahydrogen dispensing system that can simultaneously and safely be used to fill two separate 

transportable tanks and directly dispense into two different reactor vessels (typically NMR tubes). 

These multiuse features are important in a lab environment with multiple MR instruments so 

progress can be made simultaneously, without conflicting others. A graphical layout of the 

parahydrogen dispensing system with appropriate labels is shown in Figure 2.6. This system can 

be adapted to any parahydrogen generator, including both liquid hydrogen and compressed helium 

approaches. The depicted parahydrogen dispensing system uses compressed helium as a 

parahydrogen generation approach. The standard operating procedures are mapped out in the 

following section. 



   

23 

 

 

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 gas, several methodical guidelines have been developed 

for our home-built parahydrogen 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 the expected day-to-day task one will likely encounter, including 

procedures for when things go wrong. 
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Before starting a procedure and after completing a procedure, the system should be left in 

standby mode. In standby mode, valves 1, 4, 5, and 7-14 are 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 cryocooler. This is because the gas in the cryocooler is typically 

pressurized to 400 psi and is cooled to 25 K. Using the ideal gas law, shown in Equation 9, if this 

closed system is allowed to heat to ambient conditions, this would result in nearly a 12-fold 

increase in pressure. Therefore, the final pressure would be nearly 5000 psi. The likeliness of an 

explosion at this pressure skyrockets. Fortunately, our system has a large volume outside the 

cryocooler relative to the volume inside the cryocooler. This helps reduce the maximum potential 

pressure if the system is left closed while warming without actively venting. Additionally, we 

installed a pressure release valve that will open and vent into a fume hood at pressures exceeding 

1000 psi. Regardless, special care needs to be taken when warming the system.  

ὖὠ ὲὙὝ  Eq. 9 

There are many reasons for warming up the system, ranging from troubleshooting issues 

when something goes wrong to changing the conversion material. Often, it is important to keep 

the system under positive hydrogen pressure to avoid oxygen 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, check that pressure gauges A and B are reading the operating pressure 

of 400 psi. Then, open valves 2-4, 6, 7, and 10, and ensure valves 1, 5, 8, 9, and 11-14 are closed. 

Once completed, set the target temperature on the user interface to 30 K (assuming 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 valve 11 to release some pressure into the 

hood. The rate at which the hydrogen gas vents will be governed by the mass flow controller. Once 

pressure drops back to operating pressure, close valve 11. Continue this process with increments 

of 5 K until 50 K. At this point, increments of 10 can be used until 100 K. From here on, set the 

temperature to room temperature and vent when appropriate.   

To cool the system, simply input the desired temperature and keep the source tank open. 

Leaving the source tank open will avoid the possibility of negative pressure in the system that 

increase the chances of oxygen contamination.  

2.3.2: Source Tank Change  

The source of hydrogen can be any size. Ideally, the tank is small enough to not pose a 

serious risk if things go wrong, while being large enough not to need replacement on a weekly 

timescale. Inevitably the tank runs low and needs to be swapped out with a fresh replacement. The 

process of changing a source tank is trivial, but little mistakes can lead to disastrous results.  

The back-end operating pressure released by the hydrogen source tank is regulated to 400 

psi. This pressure controls the max pressure tanks for transportation can be filled to and should be 

set accordingly. Since 400 psi is the value desired for transportation, the pressure should never dip 

below this. 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, 

specifically oxygen, arrives inside the cryocooler, it can condense and cause clogging. Moreover, 

it can cause pressure jumps which can launch the catalyst out of the reacting chamber, into the 

tubing. This creates a source of relaxation and could lead to lower percentages of parahydrogen 



   

26 

 

than expected, leading to inconsistent experimental observations. Thus, special consideration was 

taken to prevent this.  

First, ensure no gas lines are open and check the entire system with a flammable gas 

detector for leaks. Proceeding those tests, close valves 2 and 3, 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 valves 2 and 3 at the end of the process.  

Next, shut off the source tank and open valve 4. This will allow us to depressurize the 

whole system without contaminating the cryocooler. Next, open valves 7, 10, and 11 and 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 pressure, close valve 11 (the vent 

line). At this point, it is safe to remove the source tank from the regulator. Carefully, but as quickly 

as possible, replace the old source tank with the new source tank. Speed is of importance at this 

step to reduce the counterflow of oxygen into the system. Once connected, ensure vacuum B is on 

and open valve 14. This will put the entire system under vacuum aside from the cryocooler. It is 

very important to purge using a vacuum before pressurizing to reduce oxygen levels prior to 

mixing with hydrogen. After 5 minutes of vacuuming, close valve 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 psi. Proceed by turning the source tank off and then venting the system in 

the hood until <5 psi by opening valve 11. At this point, close valve 11 and open valve 14. The 

pattern of vacuuming and then filling 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 and B before valves 2 and 3 were closed. 
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Once the system is back to the correct pressure, valves 2 and 3 can be opened simultaneously and 

valve 4 can be shut. Safely 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 dispensing system is the ability to directly 

dispense into reactor vessels. This 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 100 psi worth 

of gas at minimum since they are generally not used below this pressure. Moreover, 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 leaks. First, connect direct dispense lines to the reactor 

vessel. Next, set the down pressure regulators to 100psi, which can be monitored using pressure 

gauges C and D. Then from rest mode, open valve 7 and either valve 8 or 9 and wait sufficient 

time for the buffer tanks to fill. Once equilibrated, the direct dispense lines are ready for use.  

2.3.4: Filling  Transportable Tanks 

Tank fills have proven to be the most troublesome task in all of parahydrogen use at North 

Carolina State University. It is very easy to become complacent as this can readily become a 

weekly task for most lab members. Before starting, ensure 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 value, then it is ok to fill a transportable 

tank. 

To start a tank fill, it is first necessary to empty the tank. For the purpose of this 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, 

close valve 10 and open valve 12 or 13. This sets a path from the transportable tanks directly to 

the fume head once valve 11 is opened. Next, open valve 11 and slowly open the tank and wait for 

it to depressurize to atmospheric pressure. Following this, we want to purge the tank. To purge the 

tank, first close the vent line by closing valve 11. Next, open the vacuum line by opening valve 

14. Wait 5 minutes and then shut valve 14 and open valves 7 and 10. The tank will slowly start 

pressurizing with parahydrogen at this point. Once the pressure gauge E reaches 20 psi, close valve 

10 and open valve 11 to vent. Repeat this purging process 3 times. If the tank was potentially 

contaminated with oxygen, consider pulling vacuum for longer durations and purging more times.  

Once the tank is purged. Open valve 10 and allow the tank to pressurize to operating 

pressure. Once at operating pressure, shut valve 10 and either 12 or 13 and detach the tank. Ensure 

the system is not leaking and that the source tank pressure is reading above 500 psi. If the pressure 

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 Weitekamp. Although not demonstrated experimentally, the duo published work 

where they employed density operator calculations to describe the process of transferring the spin 

order of parahydrogen into magnetization on a target substrate by breaking symmetry through 

hydrogenation reactions.50 Nearly a year later, the duo teamed up once again and published a 
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document with the title ñParahydrogen and Synthesis allow Dramatically Enhanced Nuclear 

Alignmentò, where they experimentally validated their theory work from the year prior.51 In this 

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 hydrides with now broken symmetry. Shortly after, a 

published document with the title ñParaHydrogen Induced Polarization in Hydrogenation 

Reactionsò expanded the work done by Bowers and Weitekamp to various substrates and 

catalysts.52 Parahydrogen induced polarization (PHIP) stuck with the community and is still used 

today to describe parahydrogen-based polarization techniques. 

Since the late 1980s, hydrogenated PHIP modalities have made dramatic improvements. 

Many drugs and metabolites have been hyperpolarized via this method.53,54 Additionally, the 

technique is not limited to protons, as several other nuclei have been hyperpolarized. Since 

hydrogenative PHIP methods directly add hydrogen to target molecules, resulting polarization 

values are large, reaching up to 20%.54,55 However, this inherent characteristic is a double-edged 

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 that most molecules are off the menu for hydrogenative PHIP. On this notion, there 

has been work described where an olefin substituent is first bonded to the target substrate.56,57 

Upon hydrogenation of the olefin substituent, the polarization can be transferred and then the 

substituent can be spliced. However, synthesis of olefin containing precursors is expensive and 

still has a limited reach. Moreover, 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 introduced termed signal amplification by 

reversible exchange (SABRE), where hydrogenation of the substrate was not necessary.26,28 Thus, 

the technique does not require any chemical modification of the substrate, which greatly expands 

the scope of available substrates for PHIP. Additionally, SABRE enables the continuous 

regeneration of hyperpolarized substrates on demand.58ï61 

 SABRE employs a transition metal catalyst that reversibly binds parahydrogen and a target 

substrate, as illustrated in Figure 2.7. During exchange events, a temporary J coupling 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 substrate. An in-depth description of 

SABRE is presented in the following chapter.   

 

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 not exchangeable). Spin order is transferred from the 

parahydrogen-derived hydrides to the drug through scalar couplings. 

 

. 
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CHAPTER 3: Signal Amplification By Reversible Exchange 

3.1: Chemical Nature 

3.1.1: Underlying Chemistry 

Signal Amplification by Reversible Exchange (SABRE) is a dynamic chemical process. At 

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 are four critical characteristics of a SABRE catalyst.  

First, the catalyst must form bonds to both parahydrogen and a substrate. Second, the 

catalyst must be able to generate conditions that break the symmetry of the nascent parahydrogen 

derived hydrides. The symmetry break allows conversion of the overpopulated singlet state of 

parahydrogen to observable magnetization on a target nucleus, an otherwise spin forbidden 

transition. In the case of SABRE, an organometallic complex with appropriate geometry is used 

to interact with parahydrogen breaking the symmetry. Third, the exchange rates of parahydrogen 

and the substrate must be on the same time frame as the inverse J coupling interactions between 

the hydrides and substrate. In other words, spin evolution should have a similar frequency to the 

exchange rates. If exchange rates are too fast, insufficient spin mixing will occur.62,63 On the 

contrary, if exchange rates are too slow, relaxation will dominate and lead to no free polarized 

substrates. Fourth, the catalyst must be stable over the course of polarization build-up.64 

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 sample,59,65ï68 addition of co-substrates,19,69ï71 and of 

course modifying the catalyst itself.  
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3.1.2: Catalyst Developments 

SABRE was first demonstrated by Duckett et al. using an iridium based organometallic 

complex, known as Crabtreeôs catalyst.28 Crabtreeôs catalyst was formally used in standard 

hydrogenation reactions.72,73 However, when pyridine is added to a solution of Crabtreeôs catalyst 

with pyridine under hydrogen pressure, the catalyst confirms to an octahedral geometry. A 

depiction of the geometry is shown in Figure 3.1A. Here, L2, L3, and ñsubstrateò are pyridine and 

L1 is the original Crabtreeôs phosphine ligand. An octahedral geometry with hydrides in the 

equatorial plane gives rise to an activated SABRE complex where spin order can spontaneously 

flow into substrates on the equatorial plane. In this work, notable signal enhancements were 

observed on 1H, 13C, and 15N nuclei in pyridine. Proton and heteronuclei were also hyperpolarized 

on 3-fluoropyridine, nicotine, pyridazine, quinoline, quinazoline, quinoxaline, and 

dibenzothiophene, including 19F and 31P nuclei. This groundbreaking work streamlined PHIP 

modalities by breaking the requirement for a substrate to possess an unsaturated bond, required in 

hydrogenation reactions.  

 

Figure 3.1. Chemical structures of [A] an activated SABRE complex and [B] IMes ligand (IMes 

= 1,3-bis[2,4,6-trimethylphenyl]imidazole-2-ylidene).  

Over the years, extensive efforts have been made towards improving the SABRE 

catalyst.29,74ï79 Of this body of work, the 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,79ï83 which are in the same periodic table group as iridium, none could generate sufficient 

levels of hyperpolarization.  

The identity of L1 was also extensively investigated. Promising work published in 2011 by 

Cowley et al. demonstrated the utility of N-heterocyclic carbene complexes as highly efficient 

SABRE catalysts.74 In this work, a very efficient catalyst emerged with the ligand group 1,3-

bis(2,4,6-trimethylphenyl)imidazole-2-ylidene. This catalyst quickly became the ñgolden 

standardò SABRE catalyst and is commonly referred to as the IMes catalyst. The IMes ligand is 

shown in Figure 3.1B. It was then expected that fine tuning the IMes ligand could improve 

hyperpolarization efficiency. On this notion, in a 2018 publication, over 20 N-heterocyclic carbene 

ligands were investigated for SABRE efficiency.77 However, none of the prospective candidates 

could match the performance of the IMes catalyst in the studied conditions. To this day, the IMes 

catalyst remains the golden standard for SABRE hyperpolarization and is employed worldwide. 

3.2: Spin Order Transfer 

In hyperpolarization modalities, a taxing piece of the process is being able to transfer the 

spin order from the ordered source of spin to magnetization on target nuclei. This holds true for 

the case of SABRE. Here, parahydrogen is very easy to generate, as discussed in Chapter 2, 

however transferring the spin order from parahydrogen to a target substrate is less trivial. To 

tackle this problem, we revert to the concept of level anti-crossings (LACs) between coupled 

spin states to explain spin order transfer. To set the stage for 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, spin order transfer occurs on the activated SABRE complex when both 

parahydrogen and a target substrate are coordinated. In this moment, the equatorial plane of the 

activated SABRE complex becomes a temporary J coupling network between the parahydrogen 

derived hydrides and a target nucleus on the substrate. This spin network forms a three spin, AAôB, 

system (when working at natural isotopic abundance). Here, A and Aô represent magnetically 

inequivalent hydrides and B represents a 1H or heteronuclei on the target substrate. A schematic 

representation of the spin system is shown in Figure 3.2A.   

 

Figure 3.2. [A] A schematic representation of the J coupling network formed on the equatorial 

plane of an active SABRE catalyst, and [B] the available spin states of an AAôB spin system. 

At low fields, the purpose of which will be discussed shortly, the hydrides (A and Aô) are 

in a strongly coupled regime.84,85 To be in a strongly coupled regime, the interactions between 

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

coupling between the hydrides is larger than the respective Zeeman interactions (ɝʉ ὐ ). Thus, 

the hydrides are best represented as a single entity in the singlet-triplet basis rather than a Zeeman 

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

Zeeman basis and can take the value of |Ŭἃ or |ɓἃ. Upon combination, there are a total of eight 

possible spin states between the hydrides and the target nucleus. The possible 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 assume that only |S0Ŭἃ and |S0ɓἃ states will be 
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present, at roughly 50% each, prior to polarization transfer. Now that the spin system is known, 

the description of LACs can be presented. 

3.2.2: Level Anti-Crossings 

The concept of a level anti-crossing (LAC) is most efficiently communicated when 

working through an example. Consider a system of two distinct coupled spin states, |Lἃ and |Hἃ, at 

discrete energy levels. Now, letôs assume the spin states are influenced by an external parameter. 

This parameter in SABRE is the magnetic field and will thus be treated as such. Nonetheless, |Lἃ 

initially starts at a lower energy and increases in energy as the magnetic field increases. In contrast, 

|Hἃ initially starts at a higher energy and decreases in energy as the magnetic field increases. 

Consequently, the energy levels are expected to cross. However, in the case of coupled spin states, 

the crossing is avoided, as depicted in Figure 3.3A. Here, |Lἃ is analogous to |T+ɓἃ and |Hἃ is 

analogous to |SŬἃ. Instead, the spin states mix and progress with the newly exchanged information. 

An illustration of the discussed spin flips on the activated SABRE catalyst is shown in Figure 

3.3B. There are many published documents that extensively describe LACs in the context of 

SABRE.85ï87 Moreover, work done by Ivanov et al. details the probability of transitions at LAC 

conditions for various SABRE systems.84  
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Figure 3.3. [A] Schematic representation of an LAC between |S0Ŭἃ and |T+ɓἃ, and [B] a schematic 

illustrating the spin flips of the hydrides and target nuclei at the described LAC on a SABRE 

catalyst. 

LAC conditions in SABRE systems can be calculated using advanced software such as 

Mathematica. First, users must construct a Hamiltonian with respect to the spin system. A 3-spin 

system, analogous to the one described above, can be represented using Equation 10. Here, the 

Hamiltonian is the sum of the Zeeman and J coupling interactions of all spins. 

   [ ὺ  ὃ ὃᴂ ὺὄ ὐ ὐ ὐ   Eq. 10 

Upon transformation into the mixed singlet-triplet basis, a matrix representation of the 

Hamiltonian can be constructed and is shown in Figure 3.4. The construction of the matrix in 

Mathematica can be found in Appendix A. The matrix allows easy analysis of spin states, energies, 

and corresponding coherence characterizing terms. After simplification, two 3x3 and two 1x1 

blocks emerge in the matrix.59 In each of the resulting 3x3 blocks, a 2x2 matrix block exist that 

connects the singlet state of the parahydrogen derived hydrides to a Zeeman state on a target 

nucleus (off-diagonal elements Í 0). These specific transitions are highlighted with boxes in 

Figure 3.4. The diagonal elements represent the spin states, whereas the off-diagonal elements 

characterize coherences between the states. 
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Figure 3.4. Matrix representation of the Hamiltonian for a 3-spin SABRE system. 

LACs arise when coupled states (where coherences exist) converge in energy, as previously 

discussed.85 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 off-diagonal coherence elements become dominant and govern spin evolution. 

Since diagonal terms in the density matrix are frequency dependent, altering the magnetic field is 

capable of producing near equivalent energy states, giving rise to LAC conditions. The simplified 

equation when solving for the magnetic field to calculate LACs is shown in Equation 11. For 1H 

hyperpolarization, spin order is efficiently transferred at fields in the mT regime. In this regime, 

the difference in chemical shift between the derived hydrides and the target 1H nuclei on the 

substrate are near zero. Heteronuclear targets, on the other hand, have a larger frequency difference 

when compared to the hydrides (’ḻ’). For this reason, much lower fields are needed to 

achieve the described matching conditions.88 Specifically, matching conditions for heteronuclei 

arise in the µT regime.  
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ὄ
В

  Eq. 11 

It is relatively easy to produce mT fields for 1H polarization. Simply wrapping a cylindrical 

scaffold with layers of thin, conducting wire is sufficient for producing a homogenous, tunable 

field. Using Equation 12, a desired field inside the solenoid, BLAC, can be set by altering the 

current, I, in the coil. Here, ɛ0 is the magnetic permeability of free space, and n is the number of 

turns per unit of measurement. 

ὄ  ‘ὲὍ                                      Eq. 12 

However, the same experimental ease does not apply to meet LAC conditions for 

heteronuclei such as 15N and 13C, where access to the µT regime is required. The desired fields are 

roughly an order of magnitude lower than Earthôs magnetic field of ~50 ÕT. To generate ɛT fields 

below Earthôs magnetic field, magnetic shielding is required. In 2015, Thies et al. published a 

widely adapted experimental approach for hyperpolarizing heteronuclear targets, specifically 15N 

nuclei.88,89 The technique was termed SABRE in Shield Enables Alignment Transfer to 

Heternuclei (SABRE SHEATH) since they utilized ɛ-metal to shield Earthôs field. A solenoid can 

be used in tandem with the magnetic shielding to manipulate the field strength in the ɛT regime to 

optimize LAC conditions for efficient spin order transfer.  

3.3: Experimental Approaches 

Since the original experiments by Duckett and colleagues,28 SABRE quickly evolved into 

an emerging, independent field of its own. Consequently, the experimental approaches adapted as 

well to best serve the advancing 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 SABRE system consists of actively forming and breaking 

bonds to hydrogen, substrates, and solvent. Although the reactivity of the SABRE system is 

instrumental for generating polarization, it also indicates that the system is relatively unstable and 

sensitive to the environment. Therefore, 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 species.39,89 Water is less of a 

concern, however, it has been shown to coordinate to the activated SABRE complex, which could 

hinder reproducibility in experiments.90 It is for these reasons that SABRE sample preparation 

should follow standard Schlenk line procedures. Moreover, this means that all solvents and 

substrates used should be dried and degassed prior to use.   

SABRE hyperpolarization is most efficient using methanol as a solvent. In methanol, the 

golden standard SABRE pre-catalyst, IMes catalyst (discussed in section 3.1.2), has solubility 

issues just above 12 mM. Therefore, the catalyst concentration in most SABRE experiments are 

below this, and are commonly chosen to be ~5mM. A substrate ratio ranging from 10-fold to 20-

fold of the catalyst concentration is then generally chosen. This ensures that there are always free 

substrates in solution available to interact with the catalyst. Especially considering that more than 

one substrate can bind to the catalyst at a time, and that dissociated substrates can also reassociate. 

Thus, substrate concentrations typically range from 20mM to 100mM.   

A standard sample preparation procedure will now be described. First, deuterated methanol 

was degassed using a freeze-pump-thaw method. Second, following Schlenk line procedures, a 

solution of 60 mM substrate and 3 mM pre-catalyst was mixed in 600 µL of CD3OD 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 7ò medium wall pressure NMR tube. 

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 process. This list includes 

ñshake and dropò, capillary bubbling, and gas-liquid semi-permeable membranes.  

The literature is dominated by shake and drop methodologies due to the ease and efficiency 

of the approach.70,71,83,91ï93 In this method, a SABRE sample is first prepared in an NMR tube. The 

sample is pressurized with parahydrogen and then sealed. After the sample is pressurized, it is 

shaken vigorously to maximize hydrogen diffusion. Finally, the sample is transferred for detection 

as quickly as possible, often quite chaotically to mitigate hyperpolarization decay. These methods 

are quite simple and do not require advanced engineering. However, the shake and drop method 

has its limitations. First, the technique has low reproducibility as the shaking process varies 

between experimentalists. Second, the sample needs to be depressurized and then pressurized 

again to replenish the parahydrogen. This 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 attempt. For these reasons, shake and drop 

experiments are often one-shot experiments. 

 In the bubbling method, parahydrogen gas flows through a capillary that is directly 

inserted into an NMR tube.47,65,68,90,94,95 Systems for this method need to be engineered such that 

bubbling can occur at elevated pressure, often at 100 psi. Here, the bubbling can efficiently mix 

the solution to maximize hydrogen diffusion, which 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 bubbling systems were engineered to perform all experiments discussed 

in this document (chapters 4-7).  

Introducing parahydrogen via a hydrogen gas-liquid semi-permeable membrane that 

encapsulate the sample have also been shown in literature.96,97 In theory, these approaches should 

be able to increase parahydrogen diffusion since the gas-liquid interface is maximized. Moreover, 

selective permeable membranes can continuously hyperpolarize and detect a sample at the same 

time without broadening effects caused by bubbling. However, these systems have not yet reached 

par with polarization generated in shake and drop and bubbling methods. Additionally, 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 transfer, as 

described in section 3.2.2 with the concept of LACs, are achieved at low magnetic fields. 

Specifically, 1H hyperpolarization is most efficient in the mT regime, whereas heteronuclei, such 

as 15N and 13C, are most efficient in the ɛT regime. Since these magnetic fields are much lower 

than standard magnetic fields used for detection (>1T), the sample must be moved, or cycled. 

Experimentally, this is achieved by physically moving the sample from a low field used to build-

up polarization to a high field used for detection. A picture depicting solenoids and shields used to 

access the mT and µT regime in chapters 4-7 are depicted in Figure 3.5. 
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Figure 3.5. [A] mu-Metal shields and small coil used to access <1 ÕT, and [B] large ñmega coilò 

used for generating mT fields. 

 To circumvent user variations during the transfer process from low field to detection field, 

novel shuttling systems have been developed.47,98ï100 These systems can be automated, greatly 

reducing the experimental burden on researchers or professionals. Moreover, these 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 Chemistry 59.12 (2021): 1225-1235. 

 

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 parahydrogen (pH2). 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 mechanisms for 1H and 

15N nuclei. In this exploratory work, 15N polarization values of 1% were achieved using 50% pH2 

in solution of 3-mM catalyst and 60-mM substrate in perdeuterated methanol. All hyperpolarized 

15N sites exhibited long T1 in 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. We optimize the 

polarization with respect to temperature and the polarization transfer field (PTF) for 1H nuclei in 

the millitesla regime and for 15N 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 material and theory to the research 

at the center of this PhD. This research highlights small contributions to the larger, cutting-edge 

field of science. Chapter 4 summarizes the first project I took on in a leading role as a graduate 

student. At this point in time, SABRE SHEATH was still a relatively new technique. As such, the 

exploration of new spin systems was 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 task. In this work we elucidate the SABRE dynamics of 

antifungal agents on the World Health Organizations Model List of Medicine. This work was 

highlighted through a publication in the Journal of Magnetic Resonance. In this work, experiments 

were conducted by Keilian MacCulloch, Austin Browning, and Patrick TomHon; results were 

analyzed by Keilian MacCulloch, Patrick TomHon, and Thomas Theis; the manuscript was written 

by Keilian MacCulloch and Thomas 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 elucidate morphological and 

chemical structure. However, the low absolute sensitivity of NMR and MRI makes studying 

complex metabolic dynamics at physiological conditions difficult. NMR and MRI employ small 

population differences in the nuclear spin states at thermal polarization. In contrast, 

hyperpolarization (HP) generates much larger nuclear spin population differences (up to the order 

of unity or 104 ï105 -fold at 9.4 T), enabling the preparation of biomolecular magnetic resonance 

contrast agents for in vivo sensing.6ï9 Specifically, contrast agents with low-gamma heteronuclear, 

for example, 15N 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. 
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Several HP methods have been developed.6,101 Such methods include dynamic nuclear 

polarization (DNP),10,11 spin-exchange optical pumping (SEOP),12ï14 and parahydrogen induced 

polarization (PHIP).50ï52 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.8,20,30,101 Parahydrogen (pH2), the singlet spin isomer of dihydrogen, is a source of spin 

order that was first used to hyperpolarize molecular agents directly via hydrogenation.102,103 A 

decade ago, a new non-hydrogenative PHIP modality was introduced to enable pH2 driven HP 

without chemical modification, called signal amplification by reversible exchange 

(SABRE).27,28,74 SABRE not only broadens the scope of accessible compounds for pH2-based HP 

but also enables continuous regeneration of hyperpolarized substrate.59ï61 

SABRE employs a transition metal catalyst (e.g., hexacoordinate Ir-IMes complex)74 that 

reversibly binds pH2 and a target substrate, that is, antifungals in the present work, as illustrated in 

Figure 4.1A. Spin order is transferred from pH2 to the antifungals through the scalar coupling 

network within the center of the temporary transition metal complex.74 This dynamic chemical 

exchange yields a continuous buildup of hyperpolarized substrate free in solution at room 

temperature.104 Two general approaches relying to level anti-crossing have been developed for 

polarization transfer from pH2-derived hydrides to the target nucleus of the substrate.84,85,88 In one 

approach, radio-frequency (RF) pulses can be employed to establish LAC.86,94,105,106 Alternatively, 

static magnetic fields can be employed to create level anti-crossing (LAC). For 1H nuclei, 

maximum SABRE polarization is generated at mT fields.27,28,74,84 For heteronuclei, maximum 

polarization is generated by shielding earth's magnetic field down to the ɛT regime; this approach 

was called SABRE in SHield Enables Alignment Transfer to Heteronuclei (SABRE 
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SHEATH).88,89,107 Details of the field dependent polarization transfer are presented in the 

discussion.  

 

Figure 4.1. [A] Ir-IMes catalyst reversibly binding pH2 and a target drug. pH2 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 from the pH2-derived hydrides to the 

drug through scalar couplings. [B] 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 drugs108ï112 and metabolites.64,91,113,114 Here, we extend the current scope 

of biologically relevant SABRE substrates to top antifungals, voriconazole, clotrimazole, and 

fluconazole (see Figure 4.1B for molecular structures). All three drugs are on the Worlds Health's 

Organizations Model List of Essential Medicines.115 For each drug, we investigate 1H and 15N 

polarization transfer fields (PTFs), solution temperature, and 15N relaxation 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 ɛT. These studies demonstrate optimization of SABRE effects and unveil 

mechanistic insights into the SABRE chemistry and spin dynamics. All three antifungals are azole 

type (imidazole and triazole derivatives), which is the largest class of antimycotic drugs in clinical 

use.116 Drugs of this class interfere with the biosynthesis of ergosterol, a key component of the 

fungal cytoplasmic membrane.117 Voriconazole and fluconazole are primarily used for 

immunocompromised patients with severe infections, 118ï120 whereas clotrimazole is a go-to 

ointment for athlete's foot, jock itch, and ringworm.121,122 

4.2: Hyperpolarized 1H and 15N Spectra 

In Figure 4.2, we present the 1H and 15N SABRE spectra for the three HP antifungals (3-

mM catalyst and 60-mM substrate in CD3OD) at 9.4 T. All 15N data are obtained with 15N at 

natural abundance of ~0.4%.123 For all compounds, 1H HP was created at 6.5 mT, whereas 15N HP 

was created at 0.6 ɛT. All protons on the catalyst binding functional groups (pyrimidine, triazole, 

and imidazole) display clear 1H SABRE enhancement. In the 15N 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 

studies.47,109,124 The likely explanation is that the isotopomers with 15N in the nonbinding distant 

positions carry 14N in the binding nitrogen. As a result, the long-range spinïspin couplings between 

pH2-derived hydrides and the distant 15N sites are too weak for direct polarization transfer, whereas 

the spin-relayed polarization transfer124 requires a relay of one- or two- bond 15Nï15N spin 

couplings for polarization transfer from the binding 15N to distant 15N sites.110,125 At natural 

abundance, such spin relays are virtually nonexistent. Maximum 15N enhancements (Ům) and 

polarization (PHP) were calculated using a thermal reference spectrum of labeled pyridine 
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following a previously reported method.124 Specifically, the polarization is given by PHP = SHP/Sref 

× cref/cHP × Pref, where S is signal, c is concentration, and P is polarization of the hyperpolarized 

spins and the reference spins, respectively. The thermal polarization is calculated as Pref = tanh(ɔ15N 

B0ǩ/kBT). 
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Figure 4.2. [A] 1H (i-iii) and 15N (iv-vi) NMR spectra of SABRE hyperpolarized, voriconazole, 

clotrimazole, and fluconazole (3 mM catalyst and 60 mM substrate in CD3OD) with maximum 

observed enhancements (em) for each hyperpolarized peak. 1H HP (green) was generated at a PTF 

of 6.5 mT at room temperature (25 °C) and detected at 9.4 T and is overlayed with a thermal 

reference spectrum (black). 15N HP was generated at a PTF of 0.6 µT and at 45 °C and detected at 

9.4 T. [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 of the J coupling and 

Larmor frequency of the hydrides and target nuclei.27,126 Polarization transfer occurs most 

efficiently at LACs between spin states.84 For 1H nuclei, the LAC is in the mT regime, whereas 

the LAC for 15N nuclei is in the ɛT regime.89 At these respective fields J couplings between nuclei 

are on the order of their respective Zeeman interactions. As illustrated in Figure 4.3, we optimized 

the PTF for each drug by conducting magnetic field sweeps of the respective nuclei at mT and ɛT 

fields using our automated pneumatic shuttling setup.47  
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Figure 4.3. 1H (A-C) and 15N (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 from -30 to +30 mT with 2 mT 

increments for 1H and -3.3 to +3.3 µT with 0.3 µT increments for 15N unveil the optimal PTFs for 

each drug and nucleus. 1H PTF optimization performed at RT (25 C̄), 15N PTF optimization 

performed at 45̄C. 

The optimum field for 1H HP was investigated with a PTF sweep from 30 to +30 mT with 

2-mT increments, as illustrated in Figure 4.3AïC. 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 of all 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 the half-height 
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(FWHH); see section 4.6 for 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, which has a PTW 

of ~6 mT as can be seen in Figure 4.3A. The difference in width is likely due to the difference in 

exchange rate between six- and five-membered heterocycles at the catalytic center. To support this 

claim, we also analyzed the spectral line broadening of the pyrimidine and triazole substituents on 

voriconazole and found that pyrimidine lines are on average broader than the triazole lines, as 

detailed in section 4.7. Five-membered nitrogen-containing heterocycles tend to form stronger 

bonds to the Ir-IMes HP catalyst compared with six-membered nitrogen containing 

heterocycles.74,127 Because exchange processes have been shown to broaden the PTW on both 

metronidazole and acetonitrile,128,129 a slower exchange rate will be associated with a narrower 

PTW. Hence, the PTW is larger for faster exchanging substrates, that is, pyrimidine, compared 

with slower exchanging substrates, that is, triazole.  

The HP of 15N nuclei was investigated with a PTF sweep from 3.6 to +3.6 ɛT with 0.3-ɛT 

increments. Maximum spin order transfer was achieved at a PTF of +0.6 ɛT for all three drugs 

(Figure 4.3D-F). Positive magnetic fields correspond to those where the field in the magnetic 

shields and the high-field magnet are aligned. In contrast to 1H nuclei, for 15N nuclei, we observe 

lowered and inverted polarization from negative PTFs, which are antialigned with the detection 

field. This observation can be explained by the adiabaticity and relaxation from neighboring spin 

½ 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 and B0 are 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., 1H), 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 signal always has the same phase irrespective 

of the direction of the PTF.  

In contrast, for nuclei with low gyromagnetic ratios (e.g., 15N), 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 hyperpolarized 15N nuclei couple to protons two bonds 

away (e.g., JNïH å 12 Hz for the active pyrimidine substituent on voriconazole), strong 

relaxation/dephasing can be expected at the zero crossing. This loss of signal on 15N nuclei is not 

observed for acetonitrile59 because the nearest proton is three bonds away and only weakly couples 

(JNïH å 1.7 Hz). Additionally, due to different PTF strengths (ɛT for 
15N compared with mT for 

1H), samples during 15N HP experiments will experience a greater duration around the zero 

crossing during shuttling.  

As we detail in the next section, 15N HP strongly depends on temperature. For the presented 

PTF sweeps, increasing the temperature was necessary to improve the 15N polarization. 

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 to-be-hyperpolarized substrate on the catalyst. The exchange rates of these two 

processes have a critical impact on the polarization efficiency of free substrate molecules.59 We 

studied polarization transfer temperatures from room temperature (25 °C) to 50 °C in 5 °C 

increments to shed light on such dynamics for 1H and 15N nuclei on the three antifungal drugs, as 

illustrated in Figure 4.4. Due to the boiling point (64.7 °C) of the solvent, methanol, and heating 

limitations of the experimental setup, the highest applied effective temperature is 50 °C, despite 

increasing polarization up to the maximum temperature of 50 °C.  

In contrast to 1H nuclei, where generally a trend to increasing polarization is observed at 

higher temperatures (Figure 4.4A-C), the polarization efficiency for 15N increased as temperature 

increased for all studied functional groups (Figure 4.4D-F). This discrepancy in temperature 

dependence between the 1H and 15N 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; 

see section 4.8) is higher than the substrate proton couplings to the hydrides (~1.5 Hz),95 a shorter 

time at the catalyst is needed for polarization transfer. Therefore, higher polarization on free target 

molecules can be obtained for 15N at higher temperatures where the ligand exchange rate is higher. 

It is then evident that the ideal exchange rates for 15N nuclei will be faster (higher temperature) 

than that of 1H nuclei on the same substrate.  

Related to this effect is the behavior observed in Figure 4.4A,D illustrating the detailed 

temperature dependence of voriconazole HP. Voriconazole has two active substituents, which 

display opposite trends regarding temperature (Figure 4.4A). The pyrimidine substituent had 

maximum enhancements at 25 °C and 30 °C, whereas the triazole substituent had maximum 

enhancements at 40 °C. The pyrimidine substituent exchanges faster and has a weaker bond to the 
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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 moving away from 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 the 15N data for voriconazole (Figure 4.4D) as the two 

curves cross as a function of temperature. At the lower temperature, the faster exchanging (more 

loosely bound) pyrimidine polarizes better, whereas at higher temperature, the slower exchanging 

(more tightly bound) triazole group obtains more HPðthis trend is closely followed in the 1H and 

15N data.  

 

Figure 4.4. 1H [A-C] and 15N [D-F] SABRE polarization temperature optimization for 

voriconazole, clotrimazole and fluconazole. Plots display the signal intensity after hyperpolarizing 

at various temperatures. Temperature sweeps were from 25 °C to 50 °C in 5 °C increments. The 

PTF was set to 6.5 mT for 1H experiments and 0.6 µT for 15N experiments. 
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4.5: T1 Field Dependence 

Finally, we report T1 lifetimes for hyperpolarized 15N nuclei because these heteronuclei 

can be associated with unusually long HP decay time constants25,130 that are particularly important 

for in vivo applications.131 Also, 15N T1 times have strong magnetic field dependences, and 

therefore, we measured relaxation times at three different storage fields: high field (9.4 T), 

polarization field (0.6 ɛT), and clinically relevant field (1.0 T) as shown in Table 4.1. At low (ɛT) 

and at high fields (9.4 T), 15N 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 dominates 15N T1 relaxation, leading to more efficient relaxation.132 At 

low fields (ɛT), paramagnetic relaxation mechanisms may become efficient,133ï135 and polarization 

may be relaxing in binding events to the SABRE catalyst with many spins that strongly couple to 

the 15N site. At 1.0 T, both CSA and ɛT relaxation mechanisms are minimized leading to much 

longer relaxation times as desirable for applications of the reported compounds as hyperpolarized 

contrast agents, which are already Food and Drug Administration (FDA)-approved in the non-

hyperpolarized form.  

Table 4.1. 15N T1 lifetimes for all HP substrates with standard error generated by mono-

exponential decay data fitting. 

Field Voriconazole-

Pyrimidine T1[s] 

Voriconazole-

Triazole T1[s] 

Clotrimazole- 

Imidazole T1[s] 

Fluconazole-

Triazole T1[s] 

9.4 T 13.7 ± 0.6 23.0 ± 1.1 15.2 ± 0.5 23.5 ± 0.8 

1 T 96.9 ± 9.2 83.5 ± 7.8 60.5 ± 3.0 77.2 ± 5.2 

0.6 ɛT 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 in mT). The 1H PTW for each substituent is depicted in Figure 4.5 with grey 

rectangles. Notably, the pyrimidine substituent has the largest PTW which is more than double 

(6.5 mT compared to 2.5 mT) of the PTW of all other substituents.  
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Figure 4.5. 1H SABRE PTF optimization for [A] pyrimidine (PYR) and [B] triazole (TRI) 

substituent on voriconazole, [C] imidazole on clotrimazole and [D] triazole on fluconazole. Plots 

display the signal intensity at various PTF (plots are inverted). Field sweeps from -30 to +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 protons on the pyrimidine and triazole 
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substituents on voriconazole were fit with Lorentzians in Mathematica to determine the full width 

at half max (FWHM), as illustrated in Figure 4.6.  

 

Figure 4.6. [A-D] Experimental 1H NMR SABRE hyperpolarized voriconazole peaks at 25 °C 

fitted with Lorentzians (dashed line). [E] 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(H2))/2 for the pyrimidine substituent, is compared in Table 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 analysis aligns 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 (ºC) Pyrimidine 

linewidth (Hz) 

Triazole  

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 appeared (d=223.20 ppm) after a 16-scan 15N HP experiment at 50 °C, 

as shown in Figure 4.7. This peak correlates to a bound species of clotrimazole and the SABRE 

catalyst. The measured coupling from the hydride to the 15N hyperpolarized nucleus is ~28 Hz. 
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Figure 4.7. A 16-scan 15N HP experiment with clotrimazole at 50 °C unveils a bound peak with a 

27.72 Hz antiphase splitting. The splitting correlates to the coupling from the 15N HP 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 

table in Figure 4.8.  Accordingly, we proceed in the manuscript with providing two to three 

significant digits for enhancement values.  
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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. Sample is 3 mM catalyst and 

60 mM voriconazole, in CD3OD, bubbled with 50% pH2 at 100 psi for 60 s 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 1H and 15N PTFs, solution temperature, and 15N 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 (~6.5 mT for 1H and 0.6 ɛT for 15N). Elucidated in this 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 relative directions of the PTF and detection field impact 

polarization levels. For both 1H and 15N, optimum polarization was achieved with a PTF parallel 

to the detection field (B0 > PTF > 0). When arranged in the opposite direction (B0 > 0 > PTF), the 

1H NMR signal is very similar but slightly lower. In contrast, an antiparallel PTF for 15N 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 B0 

depends on the shuttling rate and the gyromagnetic ratio of the studied nucleus.  

The temperature dependence studies revealed that 15N polarization efficiency is maximized 

at higher temperature than 1H. The reason behind this is the stronger coupling of the 15N nuclei to 

the hydrides at the catalytic center compared with 1H. This results in faster spin order transfer, 

polarizing 15N nuclei faster than 1H nuclei. Thus, if the substrate exchanges faster at higher 

temperatures, more 15N polarization is built up on free substrates in solution. To our knowledge, 

this is the first time such dynamics have been proven experimentally. Aside from increasing 

temperature, the addition of co-substrates19,64,71 and employing different catalysts29,77 are 

alternative methods to manipulate exchange.136 

The achieved P15N was approximately 1% for all binding heterocyclic nitrogen sites using 

50% pH2. If nearly 100% pH2 would be employed, the polarization would be tripled.8 Moreover, 

due to experimental limitations, the buildups were performed for 30 sðgiven the buildup constants 

(Table 4.1) in the range of up to 28s, the additional P15N boost by up to 1.4-fold is expected if the 

samples were allowed to fully establish 15N polarization. Addressing these two experimental 

limitations would boost P15N to over 4ï5%. Furthermore, the variable temperature experiments 
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(Figure 4.4) clearly indicate that additional substantial P15N is 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 P15N exceeding 50% under optimized conditions.71 While the reported 

compounds have been studied at natural abundance 15N level, we anticipate that the synthetic 

strategies can be developed to achieve excellent 15N enrichment similarly to the recent work 

demonstrated for a wide range of biomolecules137ï140 including most notably structurally similar 

antibiotics metronidazole and nimorazole.111,141 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 T1 lifetimes of 15N nuclei by reducing relaxation effects active 

at high field (~10 T) and low field (0.6 ɛT). Specifically, T1 lifetimes are extended for all 

hyperpolarized 15N 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 heterocycle-based compounds. Additionally, the methods presented outline the relative 

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 studies or metabolic studies including those at 

natural abundance level of 15N. Specifically, we expect significant impact of 15N and other 

heteronuclear HP for these studies, accessing metabolic monitoring on physiological timescales 

and high impact 2-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. CD3OD (CAS 811-98-3, 99.8% D) was purchased through Cambridge 

Isotope Laboratories and was degassed using a freezeïpumpïthaw method prior to experimental 

use. The precatalyst, [Ir(IMes)(COD)Cl] (IMes = 1,3-bis (2,4,6-trimethylphenyl)imidazol-2-

ylidene, COD = 1,5- cyclooctadiene), was synthesized in lab with commercially available starting 

materials following a previously published procedure.142  

Sample preparation:  A solution of 60-mM substrate (substrate = voriconazole, 

clotrimazole, or fluconazole) and 3-mM precatalyst was dissolved in 600 ɛL of CD3OD under 

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 system.47 Samples were first connected to our house-built pH2 generator that utilizes 

liquid nitrogen cooled Iron(III)oxide-hydroxide for generation of 50% pH2. A degaussing unit, 

direct current (DC) power supply, and homemade coil were used to access mT fields. A coil within 

mu-metal shielding generates ɛT fields required for SABRE-SHEATH experiments. pH2 was then 

bubbled through samples at 100 psi and 25 °C for 10 min to allow for catalyst activation. Activation 

is visibly detectable for all three drugs as the color of 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 pH2 bubbling for 30 s and then shuttling the samples to high field for detection (Bruker 

Ascend 9.4 T with Neo Avance console). A standard delay time of 60 s was implemented 
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postdetection. We study polarization transfer from 30 to 30 mT with 2-mT increments for 1H nuclei 

and 3.3 to 3.3 ɛT with 0.3-ɛT increments for 15N nuclei. 15N field sweeps required heating the 

solution to generate quantifiable signals (45 °C). 

Temperature dependence: Temperature 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 programmed 25 °C, increasing by 5 

°C to 50 °C (the boiling point of CD3OD, 65.4 °C, 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 mT for 1H and 0.6 ɛT for 15N) for 30 s of pH2 bubbling 

before shuttling back down to high field for detection. We note that during this 30 s delay, the 

sample undergoes coolingðtherefore, the reported temperature is reported as effective 

temperature. 

T1 lifetimes: Samples were shuttled to low field (6.5 mT for 1H and 0.6 ɛT for 15N) for 30s 

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 T 

storage, respectively. A delay time of 200 s was implemented post detection. 
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CHAPTER 5: Parahydrogen in Reversible Exchange Induces Long-Lived 15N 

Hyperpolarization of Anticancer Drugs Anastrozole and Letrozole 

From:  

MacCulloch, Keilian, et al. "Parahydrogen in Reversible Exchange Induces Long-Lived 15N 

Hyperpolarization of Anticancer Drugs Anastrozole and Letrozole." Analytical 

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 for simultaneous chemical 

exchange of parahydrogen and nitrile containing anticancer drugs (letrozole or anastrozole) to 

enhance 15N polarization. Distinct substrates require unique optimal parameter sets, including 

temperature, magnetic field, or a shaped magnetic field profile. The fine tuning of these parameters 

for individual substrates is demonstrated here to maximize 15N polarization. After optimization, 

including the usage of pulsed ɛT fields, the 15N nuclei on common anticancer drugs, letrozole and 

anastrozole, can be polarized within 1ī2 min. The hyperpolarization can exceed 10%, 

corresponding to 15N signal enhancement of over 280,000-fold at a clinically relevant magnetic 

field of 1 T. This sensitivity gain enables polarization studies at naturally abundant 15N enrichment 

level (0.4%). Moreover, the nitrile 15N sites enable long-lasting polarization storage with [15N]T1 

over 9 min, enabling signal detection from a single hyperpolarization cycle for over 30 min. 

Chapter 5 Preface 

Continuing with the goals set out to expand the SABRE substrate scope and develop spin 

dynamic knowledge, we sought out to add anticancer drugs to the list new available targets. 

Hyperpolarizing anticancer drugs can lead to more sensitive drug screening and trace analysis in 

urine samples for determining efficacy. Moreover, we performed further optimization studies than 

the ones described in chapter 4 to push the polarization on 15N to 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 MacCulloch and 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 offers functional and 

structural information. However, NMR has inherently low sensitivity compared to other 

spectroscopic methods. This is because of the minute thermal spin polarization (<10-3 at 3 T for 

15N), even at high magnetic fields. Hyperpolarization 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, the dominant hyperpolarization modality employed in tandem with NMR is 

dynamic nuclear polarization (DNP).143ï152 DNP generates high levels of hyperpolarization on a 

broad range of substrates, including water, and can directly hyperpolarize site-specific locations 

on proteins.153,154 However, in addition to being a lengthy process (on the order of tens of minutes), 

instrumentation for DNP is expensive (Ḑ1 M), requiring cryogenic temperatures, a 

superconducting magnet, and high-powered microwave sources.155 In contrast, signal 

amplification by reversible exchange (SABRE),27,28 a parahydrogen-induced polarization (PHIP) 

technique,50ï52 can produce hyperpolarized (HP) substrates quickly (Ḑ1 min or less) with little 

instrumentation cost (Ḑ$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 distinct substrate groups but 

also expand the substrate scope to various biologically relevant molecules.52,64 Previous 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 ligandī protein studies with DNP, recently, Hilty and colleagues demonstrated the 

utility of using SABRE for the determination of ligandīprotein binding.156,157 In this work, ligands 

are first hyperpolarized in methanol. Then, the hyperpolarized solution is mixed with a protein 

solution at a Y-junction prior to entering an aqueous flow cell. Furthermore, the work from Tessari 

and colleagues showed the feasibility of detecting amino acids and other metabolites in biological 

fluids (e.g., urine) using SABRE.158ï160 

 

Figure 5.1. [A] Illustration of parahydrogen and a drug reversibly binding to a transition metal 

complex forming a temporary J coupling network and [B] the anticancer drugs, letrozole and 

anastrozole, with target 15N nuclei (at natural isotopic abundance) highlighted in orange. 

SABRE utilizes a transition metal catalyst that simultaneously and reversibly binds 

parahydrogen (pH2) and a target substrate. During the SABRE process, a temporary J coupling 

network forms between the pH2 derived hydrides and target nuclei on the substrate. The active 

SABRE complex and the corresponding J coupling network are illustrated in Figure 5.1A. Spin 
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order can be transferred to target nuclei through the J coupling network by RF pulses86,94,161ï163 or 

field cycling to low magnetic fields that approach level anti-crossings (LACs).84,87,126 SABRE 

efficiency is controlled by exchange rates, J couplings, 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 

hyperpolarization, where the primary key benchmark is the level of attainable polarization, P (15N 

polarization is denoted as [15N]P in this document). 

A number of FDA-approved drugs have been HP via SABRE, to date, including 

metronidazole109,110,128 ornidazole,164 nimorazole,111 pyrazinamide, isoniazid,108 clotrimazole, 

fluconazole, voriconazole,65 and dalfampridine.165,166 These drugs target hypoxia, tuberculosis, 

fungal and bacterial infections, and multiple sclerosis. Moreover, they are HP via SABRE using 

five- or six-membered N-heterocyles rather than the nitrile moiety studied in this work. Here, we 

utilize SABRE in SHield Enables Alignment Transfer to Heteronuclei (SABRE SHEATH),88,89 

and coherent SABRE-SEATH using pulsed ɛT fields, to extend the 15N heteronuclear scope to two 

bulky, nitrile-containing129 anticancer drugs, letrozole and anastrozole, as shown in Figure 5.1B. 

Both drugs are current generation aromatase inhibitors employed to combat breast cancer167 and 

are on the World Health Organization Model List of Essential Medicine, making them highly 

attractive biological compounds. 

Heteronuclei, such as 15N, are attractive hyperpolarization targets because they have 

virtually no background signal and are associated with long T1 relaxation times.59,130 DNP has 

targeted 15N hyperpolarization since 2000168,169 and is the most advanced hyperpolarization 

technique employed for biochemical and biological studies.170 15N-choline, for example, has been 

a model compound for advancing applications of 15N hyperpolarization. In 2008, it was first used 
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in vitro to monitor the phosphorylation of 15N-choline,169 which is upregulated in cancer 

metabolism. The first in vivo demonstration of 15N hyperpolarized nuclei was accomplished a 

couple of years later, where 15N-choline build-up was first detected spectroscopically in a rat 

brain131 and later imaged.21 Further synthetic work improved the lifetime of HP 15N-choline.171 

Other endogenous molecules investigated by DNP include amino acids and carnitine.172,173 

Moreover, Durst and co-workers have also performed a comparison study of HP 15N-enriched 

glutamine vs HP 13C-enriched urea, where the former was more efficiently localized to areas of 

interest and was detected over 3 times longer than urea.174 In addition, 15N-enriched molecules 

acting as environmental sensors have also been investigated.25,175ï177 For example, DNP-

hyperpolarized 15N-pyridine displayed a remarkable ability to elucidate pH, with over a 90 ppm 

chemical shift dispersion over 2.1ī8.5 pH range.178 Other notable DNP-hyperpolarized 15N agents 

include azides and their derivatives179 as well as nitrate.180 In addition to DNP studies, both 

hydrogenative PHIP and nonhydrogenative SABRE demonstrated hyperpolarization of 15N-

containing compounds, including choline181 and other 15N-hyperpolarized markers.81,182 For a 

general overview mapping the progress of 15N hyperpolarization using SABRE, we point to review 

articles in refs.26,64,183,184 Based 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 excreted via urine, we 

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 build-up and lifetime studies and then optimize the 

hyperpolarization process with respect to solution temperature and polarization transfer field 

(PTF), including pulsed ɛT fields. At the optimum PTF, the hydrideīsubstrate J coupling is most 
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efficient at transferring spin order from hydrides to substrates. The optimum PTF is dictated by a 

level anti-crossing (LAC) between hydride and substrate spin states. The LAC is established when 

the hydrideīhydride J coupling and the frequency difference between hydride and substrate spins 

are very close to each other. In the case of hydride-15N systems, like the one studied here, the 

optimal PTF is typically found at 0.3 ɛT. 

The presented series of experimental optimization studies reaches high (>10%) and long-

lived ([15N]T1 over 9 min) hyperpolarization on the anticancer drugs at natural isotopic abundance. 

This work not only broadens the scope of accessible substrates for SABRE-SHEATH 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 15N enhancements were observed on the triazole substituent (a triplet peak 

from the coordinating nitrogen) on both drugs, they were vastly overshadowed by the 15N 

enhancements observed on the nitrile substituents. In the present chemical system, the nitrile 

substituents hyperpolarize far more efficiently than the nitrogen-containing heterocycles. First, we 

studied hyperpolarization build-up and the hyperpolarization lifetime (T1 constant) for the nitrile 

substituents on letrozole and anastrozole. We then optimized the hyperpolarization process with 

respect to solution temperature and PTF. Lastly, we applied a dynamic PTF, referred to as coherent 

SABRE SHEATH,63 to yield maximum hyperpolarization. As the drugs were not isotopically 

enriched, polarization values were determined using a 15N-enriched pyridine sample thermalized 

at 9.4 T (see section 5.7 for more advanced and complete details on [15N]P calculations) following 

a previously reported method.59,88,89 

5.2: Hyperpolarization Build-Up 
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Hyperpolarization modalities are often associated with lengthy polarization build-up times 

that often bottleneck the hyperpolarization process.183 In SABRE, the polarization buildup time is 

relatively fast. Accordingly, we first conducted polarization build-up experiments on the nitrile 

substituents. Letrozole and anastrozole had similar build-up profiles, both reaching a steady state 

at around 1 min, with 15N Tb (build-up constant) of 21.7 ± 1.4 and 14.6 ± 0.9 s, respectively, as 

summarized in Table 5.1. The experimental build-up data were fitted using a monoexponential 

function and are shown together in Figure 5.2. For experimental reproducibility, a bubbling time 

of 90 s was chosen for all succeeding experiments. 

 

Figure 5.2. [A] Experimental polarization build-up data recorded at 40 °C overlaid with 

monoexponential fits. 

Table 5.1. Hyperpolarization Build-Up Constants for 15N on the Nitrile Substituents of Letrozole 

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

Monoexponential Fits. 

 

 

 

 

Anti-Cancer Drug Build-up Constant, Tb [s] @ 0.3 ɛT 

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 biological (in vivo) and 

biochemical processes (in vitro, e.g., protein and drugīprotein studies) that have slower or 

downstream interactions of interest. Previous studies demonstrated that [15N]T1 constants can be 

extended by storage at an appropriate field.59,65,128 Often, using a storage field at an intermediate 

strength (relative to traditional PTFs and detection fields), around 1 T, can significantly extend 

[15N] 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 build-up times, we elucidate hyperpolarization lifetimes at three different fields. 

Hyperpolarization lifetime studies were investigated at a high field (9.4 T), a low field (0.3 ɛT), 

and an intermediate field (1 T). 

Table 5.2. Hyperpolarization Lifetime Constants for 15N on the Nitrile Substituents of Letrozole 

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

Monoexponential Fits. 

 

Agreeing with trends characterized in the literature, short lifetimes are observed at low and 

high fields, while longer lifetimes are observed at intermediate fields.59,65 At the high field, the 

[15N]T1 for letrozole and anastrozole was measured to be 9.3 ± 0.1 and 21.6 ± 0.2 s, respectively, 

as reported in Table 5.2. These values are slightly lower than the [15N]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, 

respectively. Figure 5.3 shows the remarkably long 15N HP lifetime data recorded at 1 T overlaid 

Anti-Cancer Drug [15N]T1 [s] @ 9.4 T [15N]T1 [s] @ 1 T [15N]T1 [s] @ 0.3 ɛT 

Letrozole 9.3 ± 0.1 554.1 ± 12.7 34.7 ± 3.0 

Anastrozole 21.6 ± 0.2 420.8 ± 7.3 27.8 ± 2.9 
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with monoexponential fits, yielding [15N]T1 of 554.1 ± 12.7 s (>9 min) and 420.8 ± 7.3 s (>7 min) 

for letrozole and anastrozole, respectively. 

 

Figure 5.3. [A] Experimental [15N]T1 data, recorded at 40 °C and stored at 1 T, overlaid with 

monoexponential fits and [B] corresponding spectra after 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 longer [15N]T1s when transitioning to a low storage field. However, other sources of 

relaxation become dominant at low field strengths. Specifically, when the system is not replenished 

with fresh pH2 at 0.3 ɛT, spin mixing during binding events at low fields leads to relaxation (i.e., 

the hyperpolarization mechanism is reverted, and the hydrides may act as a polarization sink). 

Evidence supporting this claim is found when comparing the [15N]T1 of letrozole and anastrozole 

at the low field. The suspected faster exchanging substrate (experiencing more binding events), 

anastrozole, has a shorter [15N]T1 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 relaxation,59 which are weak for the 

isolated 15N spin in nitriles. Nitrogen on a nitrile lacks nearby spin 1/2 nuclei that could induce 

strong dipolar relaxation. Thus, mitigating high- and low-field relaxation sources and selecting an 
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isolated target nucleus gives rise to an exceptional environment for magnetization storage. Other 

methods used to extend T1s have been shown in the literature, for example, isotopic labeling where 

protons are replaced for deuterium130 or the usage of long-lived singlet states.185 

5.4: Temperature Dependence 

In addition to relaxation parameters, another critical parameter in SABRE is the exchange 

rate on the SABRE complex. The chemical exchange of pH2 and a target substrate need to be 

similar to the frequency of spin order transfer, governed by the temporary J coupling network on 

the active SABRE catalyst, for efficient spin transfer. 

There are several methods reported in the literature that have been used to control the 

exchange of both pH2 and 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 center.69,71 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 

colleagues demonstrated that SABRE can be used to hyperpolarize Ŭketo acids and nitrites by 

modulating exchange with the incorporation of a cosubstrate.70,186 In addition to the referenced 

strategies, direct heating or cooling can be used to modulate exchange rates.65,67 Following these 

findings, a temperature sweep was performed on both target drugs. We chose to sweep from room 

temperature (25 °C) to 50 °C with 5 °C increments, shown in Figure 5.4, to shed light on the 

exchange dynamics. 
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Figure 5.4. Temperature sweep from 25 °C 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 abundance (15N is Ḑ0.4% 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 at 50 °C (limited by experimental setup), while 

anastrozole reaches a maximum at 40 °C but 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 to letrozole, 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 the substrate exchange rate also 

controls the hydride exchange rate, as we have shown with ab initio calculations187 because 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 rates can be unveiled through HP temperature studies.  

5.5: Static Field Dependence 
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In traditional SABRE-SHEATH experiments, the sample is subjected to a very low (<1 

µT) static PTF. At sub ɛT fields, LACs between coupled spin states arise. At a LAC, spin mixing 

is most efficient, aiding in polarization build-up.126,166 For this reason, we investigated the ɛT 

regime to unveil the most efficient PTF. We swept from 0 to 3 ɛT with 0.3 ɛT increments with 

static PTFs aligned parallel (+) and antiparallel (ī) to the detection field, as shown in Figure 5.5. 

Hyperpolarization was most efficiently generated at Ñ0.3 ɛT for both drugs. 

 

Figure 5.5. Static field sweep from 0 to 3.6 ɛT with 0.3 ɛT increments with PTFs both parallel 

(+) and antiparallel (ī) to the detection field. 

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 (field).188ï191 The referenced work 

has shown significant boosts in hyperpolarization by applying shaped PTFs to the sample during 

polarization build-up in a variety of distinct patterns. On this notion, we implemented a previously 

published pulse sequence referred to as coherent SABRE-SHEATH, originally used by Lindale et 

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

letrozole and anastrozole).63 
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Coherent SABRE-SHEATH first evolves spin order using an efficient PTF, BP, for a short 

time, ŰP, and then quickly switches to an elevated storage field, BS, where little to no evolution is 

expected, for a lengthier duration, ŰS, that is preoptimized (see section 5.8 for ŰS optimization) to 

allow fresh pH2 to associate with the catalyst. A graphical representation of the pulse sequence is 

shown in Figure 5.6A. A plot sweeping through discrete ŰP values, while BP, BS, and ŰP remain 

constant, is shown in Figure 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 reach maximum enhancements when ŰP = 51 ms. For anastrozole, the 

maximum enhancement corresponds to [15N]P over 10% (at natural isotopic abundance and mM 

concentration) and the corresponding spectrum is shown in Figure 5.6B. The boost in [15N]P is 

due to more efficient spin order transfer generated by turning the usually incoherent spin order 

transfer into a coherently driven, unidirectional mechanism. In addition to boosting the 

hyperpolarization level, the coherent SABRE SHEATH data of Figure 5.6C also elucidates the 

hyperpolarization transfer dynamics. 
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Figure 5.6. [A] Graphical representation of coherent SABRE-SHEATH pulse sequence, [B] NMR 

signal of anastrozole when ŰP = 51 ms, and [C] applying coherent SABRE SHEATH pulse 

sequence sweeping from Űp = 0 to Űp = 250 ms while keeping BP, BS, and ŰP constant (BP = 0.5 

ɛT, BS = 30 ɛT and ŰS = 200 ms). 

5.7: Polarization Calculations 

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

spectrum of a pure, isotopically enriched standard. In this work, we used 15N enriched pyridine 
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(SDREF = 12.36 M  99% enriched = 12.24 M) thermalized at 9.4 T to quantify [15N]P. The 

corresponding spectrum is shown in Figure 5.7A.  

 

Figure 5.7. [A] A single 15N scan of pure 15N enriched pyridine thermalized at 9.4 T used for 

polarization calculations. [B] A single 1H scan of concentrated toluene in CD3OD 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, 

ὖ ÔÁÎÈ
ᴐ

   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 includes SDREF and SDHP, 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 (30 mM ï 2 3 mM = 24 mM). The third term, which 

includes IHP and IREF, are the integrals of the hyperpolarized and reference signal intensities, 

respectively. The final term, which includes AREF and AHP, normalizes the cross-sectional 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. The ratio of AREF 

over AHP was determined using a concentrated toluene sample where a proton spectrum was 

acquired with and without a capillary, as shown in Figure 5.7B. The resulting signal loss with the 

addition of a capillary was ~5%, which corresponds to a ratio of 1.053. 

5.8: Űs Optimization 

An optimization study for ŰS was conducted prior to collecting data presented in Figure 

5.6C in the main text. In this experiment, we swept through ŰS (50-500 ms with 50 ms increments) 

while ŰP, BP and BS remain constant (BP = 0.3 ɛT, BS = 30 ɛT and ŰP = 26 ms) on letrozole at 40 

°C, as shown in Figure 5.8. The optimal ŰS duration generating the highest polarization was 200 

ms. We note that a more fine sweep of ŰS on both drugs could lead to higher polarization. 

Additionally, after unveiling the optimal ŰP time, ŰS should be re-optimized with the corresponding 

ŰP time kept constant for more vigorous and accurate optimization.  

 

Figure 5.8. ŰP duration sweep from 50-500 ms with 50 ms increments while ŰP, BP and BS remain 

constant (BP = 0.3 ɛT, BS = 30 ɛT and ŰP = 26 ms) on letrozole at 40 °C. 

5.9: Conclusion 

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

of two bulky anticancer drugs achieving high degrees of [15N]P with long HP state lifetimes. 
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First, the polarization build-up was investigated for both letrozole and anastrozole. Both 

anticancer drugs had similar build-up constants, reaching a [15N]P steady state in Ḑ1 min. For 

comparison, DNP has a build-up time on the order of tens of minutes to an hour.155 Additionally, 

by exploring a clinically relevant field of 1 T, we were able to achieve [15N]T1 constants of Ḑ9 and 

Ḑ7 min on letrozole and anastrozole, respectively. Next, we explored exchange dynamics of the 

SABRE system by modulating the solution temperature and swept through the ɛT regime to 

elucidate the optimal PTF. Maximum enhancements were measured at 50 °C for letrozole and 40 

°C for anastrozole, corresponding to [15N]P of 8.3 and 7.6%, respectively, at the experimental 

optimal PTF of 0.3 ɛT. We also showed that controlling the solution temperature, in a small 

window (25 °C), can more than double the net [15N]P. Finally, we pushed the hyperpolarization to 

over 10% on anastrozole (at natural isotopic abundance and mM concentration) by applying 

coherent SABRE SHEATH, showing the importance of exploring non-static 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. However, the feasibility of studying 

SABRE hyperpolarization at natural abundance of 15N substantially streamlines the experimental 

workflow and potentially enables the screening of many other nitrile-containing drugs, 

biomolecules, etc. We envision that once a lead compound is identified, additional sensitivity gains 

can be obtained via 15N-labeling to perform binding studies at relevant concentrations. There are 

also ongoing efforts in the field to develop biocompatible formulations of SABRE-hyperpolarized 

compounds in aqueous media61,66,192ï195-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. and Sigma-Aldrich, respectively, and used as delivered. Deuterated methanol was purchased 

from Cambridge Isotope Laboratories and degassed prior to experimental use. The precatalyst, 

[Ir(IMes)(COD)Cl] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, COD = 1,5-

cyclooctadiene), was synthesized in lab with commercially available starting materials, following 

a previously published procedure.142   

Sample Preparation: All samples are prepared using standard Schlenk line conditions, 

maintaining an oxygen-free environment. Samples are prepared with a 30 mM substrate (letrozole 

or anastrozole) and a 3 mM precatalyst in 500 ɛL of deuterated methanol. Samples are then 

transferred into a 7ǌ medium wall NMR tube (Wilmad 524-PV-7) and connected to our in-house, 

fully automated, pneumatic shuttling system.47 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 

polarization transfer field (PTF = 0.3 ɛT) and are then subjected to bubbling for a distinct time 

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 

polarization transfer field (PTF = 0.3 ɛT) and are then subjected to 90 s of bubbling. Samples are 

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 field (Ḑ1 T). 

Temperature Dependence: Samples are first heated to a desired temperature in the 

detection field using the Bruker VT interface. Samples are then shuttled to a PTF (0.3 ɛT) and are 

subjected to 90 s of bubbling. Samples are not actively heated while bubbling; thus, the sample 



   

86 

 

experiences light cooling toward room temperature during bubbling. Samples are then shuttled 

down to the high field for detection. 

Static Field Dependence: Samples are shuttled to a desired PTF controlled by a DC power 

supply and house-built solenoid coil inside mu-metal 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 home-built solenoid coil inside mu-metal shields. The dynamic PTF alternates between 

two distinct fields, an ñevolution fieldò, denoted Bp, and a ñstorage fieldò, denoted Bs, for different 

durations, Űp and Űs, respectively, n times for 90 s. The dynamic PTF is generated using a simple 

circuit board, TTL lines, and solid-state relays. In this method, a pulse sequence can be developed 

using Bruker software to automate the process. Largest signal enhancements are observed at Bp = 

0.5 ɛT while maintaining a Bs of Ḑ30 ɛT, which is the highest achievable field in our experimental 

design. 
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CHAPTER 6: Facile Hyperpolarization Chemistry for Molecular Imaging and Metabolic 

Tracking of [1-13C]Pyruvate In Vivo 

From:  

MacCulloch, Keilian, et al. "Facile hyperpolarization chemistry for molecular imaging and 

metabolic tracking of [1ï13C] pyruvate in vivo." Journal of Magnetic Resonance Open 16 

(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 NMR and MRI 

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, in vivo detection of molecular probes 

hyperpolarized by SABRE has remained elusive. Here we describe a first demonstration of 

SABRE-hyperpolarized contrast detected in vivo, specifically using hyperpolarized [1ï

13C]pyruvate. Biocompatible formulations of hyperpolarized [1ï13C]pyruvate in, both, methanol-

water, and ethanol-water mixtures followed by dilution with saline and catalyst filtration were 

prepared and injected into healthy Sprague Dawley and Wistar rats. Effective hyperpolarization-

catalyst removal was performed with silica filters without major losses in hyperpolarization. 

Metabolic conversion of pyruvate to lactate, alanine, and bicarbonate was detected in vivo. 

Pyruvate-hydrate was also observed as a minor byproduct. Measurements were performed on the 

liver and kidney at 4.7 T via time resolved spectroscopy and chemical-shift-resolved MRI. In 

addition, whole-body metabolic measurements were obtained using a cryogen-free 1.5 T MRI 

system, illustrating the utility of combining lower-cost MRI systems with simple, low-cost 

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 techniques to put 

hyperpolarized imaging in context. Note that this passage does not represent a thorough review of 

current techniques but is solely intended to set the stage for the motivation behind this work.  

Current medical imaging techniques fall into two broad categories, anatomical and 

functional imaging.196,197  Anatomical imaging provides structural information, whereas functional 

imaging provides information about the mechanistic underpinnings of biological activity often 

unfolding on the molecular level.198  As illustrated in Figure 6.1, there are many anatomical 

imaging methods used in clinical settings including Magnetic Resonance Imaging (MRI), 

ultrasound, x-ray, and computed tomography (CT). MRI uses the large amounts of water and fat 

protons in the body to obtain high-resolution images of tissues and organs.199,200 Ultrasound applies 

high-frequency acoustic waves to visualize the bodyôs internal organs and is typically associated 

with lower resolution compared to MRI, but ultrasound stands out due to its speed and real-time 

imaging capabilities and because it is inexpensive and easy to deploy.201,202 Simple x-rays have 

outstanding resolution for visualizing bone but have limited soft-tissue contrast.203ï205 Computed 

tomography (CT) uses multiplane x-ray 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 agents.206,207  MRI, ultrasound, x-ray, and CT all give high-precision 

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 off-shoots of the listed structural methods. 
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Figure 6.1. Illustration of the medical imaging landscape placing hyperpolarized imaging and 

specifically parahydrogen-driven SABRE hyperpolarization chemistry in broader context. The 

diagram does not exhaustively capture all medical imaging methods. SABRE is highlighted as it 

pertains to this work. 

These functional imaging methods can be broken down further into molecular and non-

molecular functional imaging modalities. The non-molecular modalities typically employ subtle 

changes in the data acquisition and data reconstruction schemes to access functional information. 

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 Resonance Imaging (fMRI), which is sensitive to 

changes in blood oxygenation level,208ï211 Arterial spin labeling (ASL) that measures tissue 

perfusion via magnetic labeling of slices in the object that are subject to perfusion,212,213 and 

Diffusion Tensor Imaging (DTI), which measures the three-dimensional diffusion of water as a 
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function of spatial location.214,215 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 

depends on material stiffness and can be used to distinguish healthy from pathological tissue.216 

These non-molecular 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 that directly report 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 emitted radiation.217,218 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 use 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 resonance spectroscopic 

imaging MRSI219ï221 or Chemical Exchange Saturation Transfer (CEST)222ï224 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 generated by typical MRI magnets, which 

align only about 1 in 100,000 nuclear spins at clinically relevant fields. Accordingly, traditional 

MR approaches require high concentrations of detected molecules. 

For this reason, we sought out to translate SABRE hyperpolarized substrates to in vivo 

detection, for the first time in history. In this work, experiments were conducted by Keilian 
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MacCulloch, Austin Browning, Patrick TomHon, David Bedoya, and Yi-Fen Yen; results were 

analyzed by Keilian MacCulloch, Austin Browning, Patrick TomHon, Ed Chekmenev, Boyd 

Goodson, Matt Rosen, Yi-Fen Yen, and Thomas Theis; the manuscript was written by Keilian 

MacCulloch, Austin Browning, Patrick TomHon, and 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 molecules. To address the 

sensitivity challenge faced by MR approaches, hyperpolarization methods have been developed to 

align much larger fractions of nuclear spins and to improve the sensitivity limits of NMR and MRI 

by several orders of magnitude.8,101,225ï228 Indeed, the first hyperpolarized (HP) contrast agent 

(129Xe gas)183,229ï232 has been FDA approved for ventilation lung imaging. Other HP molecular 

probes are also emerging for molecular imaging, including [1ï13C]pyruvate.233 HP [1ï

13C]pyruvate is similar to the [18F]fluorodeoxyglucose PET tracer234,235 in that it allows molecular 

sensing of aberrant energy pathways in cancer and many other diseases.236,237 Currently in over 30 

clinical trials, dissolution Dynamic Nuclear Polarization (d-DNP)238 is the hyperpolarization 

method employed for production of HP [1ï13C]pyruvate for molecular imaging applications. 

Hyperpolarized MRI can directly track and image metabolic events at any depth inside tissue at 

modest sub-mM concentrations and it is relatively safe because HP MRI uses injectable contrast 

agents that are endogenous biomolecules, instead of radioactive material. The disadvantages of d-

DNP are that it is infrastructure-intensive and relatively slow to build up hyperpolarization (~1 
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hour). A faster and perhaps simpler approach to hyperpolarize [1ï13C]pyruvate is parahydrogen-

induced polarization (PHIP).50,51,183,239 One possibility is side-arm hydrogenation PHIP (SAH-

PHIP),240,241 which has been successfully used to hyperpolarize [1ï13C]pyruvate,242ï244 the most 

common hyperpolarized MRI tracer. In SAH-PHIP an unsaturated side arm of a pyruvate ester is 

hydrogenated with parahydrogen, the polarization is transferred to the 13C nucleus, and the 

pyruvate is then cleaved via hydrolysis of the ester. Although SAH-PHIP is a successful approach 

for PHIP hyperpolarization of [1ï13C]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 Exchange (SABRE) hyperpolarizes sodium [1ï13C]pyruvate directly 

and without the need for chemical modifications.245,246 As depicted in Figure 6.2, SABRE relies 

on reversible exchange of parahydrogen and a to-be-hyperpolarized substrate, [1ï13C]pyruvate in 

the present case, on an Ir-catalyst to create a spin network connecting parahydrogen and the target 

substrate. Continuous reversible exchange of parahydrogen and the substrate leads to rapid 

polarization build-up within the bulk [1ï13C]pyruvate molecules in solution. In principle, the 

resulting HP agent can be processed to quickly obtain biocompatibility for subsequent injection 

into the subject to monitor metabolic changes. 
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Figure 6.2. SABRE hyperpolarization chemistry: Both parahydrogen and the [1-13C]pyruvate 

substrate are in reversible exchange with the polarization transfer catalyst, 

[IrH2(IMes)(DMSO)(pyruvate)]. During the lifetime of the polarization-transfer complex, 

comprising the catalyst, substrate, and parahydrogen (tens to hundreds of milliseconds), the 

polarization is transferred from the parahydrogen singlet state on the hydrides to the 13C nucleus 

in pyruvate transiently bound on the catalyst. Continuous exchange leads to hyperpolarization 

build-up on the free pyruvate in solution. This build-up process requires roughly 1.5 minutes to 

reach steady-state hyperpolarization. 

Since its inception,28,246,247 SABRE hyperpolarization chemistry has undergone significant 

developments.26,31,113,248 First, SABRE was primarily optimized to hyperpolarize protons in target 

substrates.28,246,247,249 With the invention of the SABRE SHEATH (SABRE in Shield Enables 

Alignment Transfer to Heteronuclei) variant, it became possible to efficiently hyperpolarize 15N 

and 13C nuclei that are associated with longer hyperpolarization lifetimes58,71,88,89,110,124,185,195,250ð

such as in [1ï13C]pyruvate.70,114 Subsequent developments enabled polarization levels exceeding 

10% using temperature cycling67,90 and/or various pulsed-field approaches.63,106,251,252 Building on 

these recent advances, here we show the first detection of a SABRE-hyperpolarized substrate, [1ï
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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 

technique resulting from the combination of fast, simple SABRE hyperpolarization chemistry with 

low-cost, cryogen-free MRI.253ï257 

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 SABRE hyperpolarized [1ï13C]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 seen in Figure 6.3A and D, the data clearly 

show peaks for lactate, alanine, pyruvate hydrate, and bicarbonate. Figure 6.3A-C show the data 

acquired from the liver, and Figure 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 metabolism.258 

Future work will use ethanol/water as described below, or fully aqueous injectables.192 Figure 

6.3A and D 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 pyruvate-hydrate and bicarbonate is less pronounced. Figures 6.3B and E show the 

full time-resolved spectra. Figure 6.3C and F  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 and T1 relaxation for the individual metabolitesð

as expected from previous d-DNP work.259 As can be seen, metabolic tracking for about one 

minute was possible in these first proof-of-concept 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 liver [A-C] and kidney [D-F]. [A, D] 

Summed spectra of the complete dynamic spectroscopy acquisition. [B, E] Spectra overlay of the 

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 spectra in this temporal series are acquired with 

30̄  flip angle and 3 s delay between acquisitions. 

6.3: In Vivo Spectroscopic Imaging at 4.7 T 

In addition to in vivo spectroscopy, we implemented Chemical Shift Imaging (CSI) to 

visualize the spatial distribution of the SABRE hyperpolarized [1ï13C]pyruvate within the kidney 

and liver as displayed in Figure 6.4. The individual spectra were integrated and turned into a heat 

map superimposed on an anatomical proton-MRI slice of the imaged region. Figure 6.4A-C show 

the data acquired with the surface coil placed on the liver, whereas Figure 6.4D-E show the data 

acquired when the surface coil was placed on the kidney. Figure 6.4A and D show the respective 

raw CSI data displaying the spectra acquired in a 8 × 8 grid covering a field of view (FOV) of 8 × 
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4 cm2 . Figure 6.4B and E each show a heatmap over the corresponding anatomical image, which 

was then smoothed by zero-filling the data to assist with visualizationðas shown in Figure 6.4C 

and F. In this work, the excitation pulses were selectively applied on the [1ï13C]pyruvate peaks to 

ensure visibility and sufficient signal-to-noise. The liver image shows most pyruvate signal 

primarily centered around the hepatic vein, whereas the kidney image shows most pyruvate signal 

centered around the renal vein. The current imaging data does not contain information on the 

metabolic products and only visualized the SABRE-hyperpolarized [1ï13C]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 tumors because of the Warburg effect.260ï266  
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Figure 6.4. Chemical Shift Imaging (CSI) experiments on two separate animals (shown in separate 

rows) with two different fields of view (liver, row 1; kidney, row 2). [A, D] 8³8 array 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] zero-filled intensity map (16³16) for visualization of the CSI results. CSI results are 

acquired linearly in a 8×8 matrix using a 20 ̄fli p angle and a 0.41 s TR.  

6.4: Cryogen-Free Hyperpolarized In Vivo Spectroscopy at 1.5 T 

In tandem with the work performed at MGH, experiments were conducted at NC State 

using a cryogen-free variable-field MRI scanner. The use of a cryogen-free MRI and lower 

magnetic fields circumvents the need for large amounts of helium, reducing installation and 

maintenance costs. Examples of d-DNP detected with 1 T permanent magnets have been 

described.267 With SABRE, even the combination with portable bedside (ñpoint-of-careò) 

MRI253,254 becomes imaginable. The variable field of our unique MRI (5 mT - 3 T) assists with the 

broader translation into clinical settings, as the common clinical fields are between 1.5 - 3 T. 
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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 of a whole-body volume 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 this field. Figure 6.5A shows 

summed spectra of the hyperpolarized pyruvate, along with its downstream metabolic products 

lactate and alanine, as well as the bicarbonate as minor metabolite and pyruvate-hydrate as minor 

byproduct. Since the 1.5 T data is acquired using a full-body coil, the signal represents an average 

across the whole rat, showing lower metabolic activity in comparison to the [1ï13C]pyruvate 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 visible in Figure 6.5A, in contrast to those from Figure 6.5A and C. 

Despite these challenges hyperpolarized signal is detectable for over one minute, and time-

resolved metabolism could be observed as illustrated in Figure 6.5B and Cðpresented in analogy 

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

of low-cost hyperpolarization with low-cost MRI to achieve in 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), and pyruvate (blue) 

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 delay between 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 moving towards biocompatibility (i.e. 

a catalyst free, aqueous solution), including developments in water soluble catalysts,268ï271 

heterogenous catalysts,272ï274 and dissolution schemes. 275ï277 However, none of the described 

methods have established in vivo use. In this section, we showcase the first methanol free solution 

with catalyst filtration of hyperpolarized pyruvate detected in vivo employing SABRE. To attain 

sufficient solubility of [1-13C]pyruvate in ethanol, a 9-to-1 ethanol-water mixture was used, which 

balances solubility restrictions of both sodium [1-13C]pyruvate and the [Ir(IMes)(COD)Cl] 

SABRE catalyst. Sodium pyruvate is essentially insoluble in pure ethanol and the SABRE catalyst 

is insoluble in water. The 9-to-1 ethanol water mixture was found to work well providing sufficient 

hyperpolarization for in vivo detection as described in the following.  
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First, a 500uL solution of an ethanol and water medium with 6 mM Ir-IMes catalyst, 20 

mM dimethyl sulfoxide, and 30 mM [1-13C]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 µT 

during active temperature cycling initialized at 0 °C, as previously demonstrates in methanol.278 

The reproducibility was assessed across multiple days and ten samples, resulting in an average 

polarization of p = 4.5 ± 0.7 % on free [1-13C]pyruvate. The polarization achieved in this work is 

significantly higher than previous reports in ethanolic media.277 The spectrum with the largest 

observed polarization on free [1-13C]pyruvate, p = 5.8%, is shown in 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. 

 

Figure 6.6. [A]Hyperpolarized pyruvate generated in an 9:1 ethanol water mixture. [B] Schematic 

incorporating a C-18 filter into the experimental procedure. [C] Summed and [D] stacked spectra 

of experimental results from a temporal acquisition using 20° flip angles (TR = 2 s) of 

hyperpolarized pyruvate, generated in an ethanol-water 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 non-polar nature of the column has strong interactions with the non-polar 

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 > 95 % of the iridium from the sample, as 

summarized in Table 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 non-polar filtration phase is expected to reduce the catalyst content further.  

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 an in vivo spectroscopic study using a variable field, cryogen free MRI set at 1.5 T. We 

followed a similar experimental procedure to the pilot SABRE in vivo studies presented above. In 

this procedure, highly polarized [1-13C]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 magnetic field 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 the injection line 

for catalyst removal as illustrated in Figure 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 showcased in Figure 6.6C, where pyruvate resonance 

signals were detected for over 30 seconds. Figure 6.6D showcases the summed spectra of the 

complete temporal series, where production of pyruvate metabolites could be observed. 

6.6: Conclusion 

First in vivo metabolic hyperpolarized MRI experiments were demonstrated using SABRE 

hyperpolarization chemistry and [1-13C]pyruvate as an exogenous molecular probe. 

[1-13C]pyruvate is the leading molecular probe because it is a key metabolite that is often 

dysregulated in many disease states. In vivo studies were performed on two different instruments 

at two different sites to provide multi-site validation of the emerging SABRE technology: a 4.7 T 

magnet at MGH and a 1.5 T cryogen-free magnet at NC State. Both systems showed good signal-

to-noise for the detection of SABRE-hyperpolarized [1-13C]pyruvate and enabled real-time 

metabolic tracking of the formation of lactate, alanine, and bicarbonate. (The formation of 

pyruvate-hydrate is also observed.) The presented work is a milestone in the translation of SABRE 

hyperpolarization chemistryðwhich has been under development for almost 15 years since 

inceptionðto pre-clinical applications focused on biomedical questions.  

The presented work includes injections of methanol-water mixtures that still contain 

hyperpolarization catalyst showing clear conversion of pyruvate to alanine, lactate and 

bicarbonate. These experiments also enable Chemical Shift Imaging. For ultimate preclinical or 

clinical translation, methanol and Iridium catalyst are not acceptable, therefore we also presented 

hyperpolarization in ethanol-water mixtures followed by dilution with saline and filtration, while 

retaining the polarization such that in vivo 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 imaging at large. Specifically, 

the combination of portable, low-field MRI approaches that otherwise suffer from significant 

sensitivity limitations could be combined with relatively simple SABRE hyperpolarization 

chemistry working towards broadly available molecular imaging with the ability to track 

individual metabolic pathways. 

6.7: Materials and Methods 

Sample preparation: Under inert gas conditions, [1ï13C]pyruvate, [Ir(IMes)(COD)Cl] 

(IMes= 1,3 bis(2,4,6-trimethylphenyl)imidazole-2-ylidene, COD=cyclooctadiene) polarization-

transfer pre-catalyst, and DMSO were mixed to give absolute concentrations of 65 mM [1ï

13C]pyruvate, 24 mM DMSO, and 6 mM Ir-IMes in CD3OD. Ir-IMes catalyst was synthesized 

using literature methods[56,57]. Dry CD3OD was used as provided from the supplier (Cambridge 

Isotopes) and degassed with 5 freeze-pump-thaw cycles. All other chemicals used were purchased 

from Millipore Sigma. 

Hyperpolarization and sample processing: [1ï13C]pyruvate was hyperpolarized by 

bubbling parahydrogen through a 500 µL solution containing 6 mM iridium-IMes catalyst, 24 mM 

DMSO, and 65 mM [1ï13C]pyruvate at 100 psi inside a standard NMR tube using a previously 

described bubbling setup. The sample is pre-cooled to 0 °C and then, as illustrated in Figure 6.7A, 

placed into a Polarization Transfer Field (PTF) of 0.3 µT established in mu-metal shields provided 

by Magnetic Shield Corp. (ZG-203). After 90 s of bubbling parahydrogen, at room temperature 

and 0.3 µT 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 released, as shown in 
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Figure 6.7B. The sample is subsequently pulled into a syringe prefilled with saline solution, 

creating a saline-methanol mixture, as shown in Figure 6.7C. The solution was then injected into 

the rats and data was then acquired, as shown in Figure6.7C 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 methanol-to-saline ratio of 1:3. These concentrations 

correspond to a pyruvate dosage of 11.3 mg/kg (0.13 mmol/kg) injected into ~250 g Sprague 

Dawley rats. For the experiments at 1.5 T (at NC State) using the cryogen-free MRI system, only 

1 mL of saline was used, creating a total injectable volume of 1.5 mL with a methanol-to-saline 

ratio of 1:2. These concentrations 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 d-DNP hyperpolarized MRI studies, which are closer to (0.75 to 1 

mmol/kg).279ï283 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 continuously monitored. The vitals 

remained stable after injection, and the animals were euthanized before waking from anesthesia, 

approximately 10 min after completion of the experiment. While the injected quantities of 

methanol in these proof-of-concept studies were near the LD50, 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, hyperpolarized 13C MR data were acquired from the whole body of the 

animals. The cryogen-free, variable-field MRI system at NC State used whole body 

transmit/receive 13C volume coils (5.2 cm RF window length and 6.5 cm in diameter). The 

spectroscopic data were obtained using 20Ǔ non-selective 0.314 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. 

 

Figure 6.7. Experimental procedure of MRI in vivo studies. [A] SABRE hyperpolarization takes 

place inside of a mu-magnetic shield at a polarization transfer field of 0.3 µT. The sample is pre-

cooled to 0̄C and then parahydrogen is bubbled through the solution for 90 seconds allowing for 

polarization buildup in the magnetic shields. [B] The sample is transferred to a 0.3 T Halbach array 

(to help slow relaxation of the hyperpolarization) for depressurization and ejection into a syringe 

pre-filled saline, taking 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 a two-minute scan is 

applied with a 20° pulse and repetition time of 2 seconds to detect the metabolic products of 

pyruvateðnamely lactate, alanine, and bicarbonate. (Pyruvate-hydrate is also detected). 

At MGH, the hyperpolarized 13C 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 shimming. 13C experiments used a custom made 

transmit/receive 13C surface coil with a 6 cm inner diameter for 13C acquisitions. In the dynamic 

spectroscopy experiments, a pulse-and acquire sequence was used with a non-selective 0.11 ms 

hard pulse, centered at 180 ppm with a 30Ǔ nominal flip angle and a repetition time (TR) of 3 s. 

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, 20° nominal flip angle, spectral bandwidth 10,080 Hz, 

4096 spectral points, field of view (FOV) of 80 mm × 40 mm, and matrix size 8 × 8. Figure 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 



   

108 

 

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, making it difficult 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 operators and 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 

experimental conditions, including temperature and polarization transfer field alterations.   

Chapter 7 Preface 

A highlight in chapter 5 was improving SABRE hyperpolarization by employing a dynamic 

pulse sequence referred to as Coherent SHEATH.63 Coherent SHEATH not only improves 

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 that can fit the data and 

track spin evolution. The derived model considers key SABRE parameters, including exchange 

rate, frequency differences, and values in the transient J 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 was edited 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 (MR).28 The 

afforded sensitivity expands current MR strategies and creates new applications. For example, 
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SABRE has been used to study protein-ligand interactions to advance the drug screening 

process.156,157 SABRE has also been employed for trace analysis, which can serve to detect and 

monitor very small concentrations in mediums.19 This strategy has been used to detect amino acids 

and other metabolites in biological fluids (e.g., urine), which can give critical insights into disease 

states and treatment efficacy.158ï160 Moreover, SABRE has recently been demonstrated to enable 

functional imaging.262,266 Functional imaging is a leading tool for medical professionals to 

elucidate biological activity in vivo by directly tracking the location of metabolites and their 

metabolic transformations in real-time.183 

SABRE relies on the reversible binding of parahydrogen and a substrate on a transition 

metal catalyst, as depicted in Figure 7.1. During exchange, a temporary J coupling network 

between the parahydrogen derived hydrides and a target nucleus on a substrate is generated and 

can be exploited for spin transfer in various ways.84,86,126 Often, spin order is transferred by 

subjecting the sample to very low magnetic fields where level anti-crossings (LACs) appear.85 In 

the context of SABRE, an LAC is an avoided crossing between coupled spin 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 temporary J coupling 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.84ï87,126 Fundamentally, spin order can be accurately accounted for by exploiting density 

matrix quantum physics. As such, analytical descriptions have been developed to account for spin 

order transfer alone in chemically stagnant systems.284 Moreover, models have been developed 

that consider the additional complexity of chemical exchange both numerically59,63,190 and 

analytically.285ï287 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 equations at minimum to account 

for exchange events. In this document, we derive a simple analytical model that can accurately 

track spin evolution in chemically dynamic SABRE systems.  
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Our model considers key SABRE parameters, including exchange rates, frequency 

differences, and values in the transient J coupling network. We then test the efficacy of the model 

by fitting it to Coherent SHEATH63,68 experimental data on letrozole and anastrozole. The 

structures of the target substrates are shown in Figure 7.1B. Both molecules are drugs on the 

WHOôs list of essential medicines used to combat breast cancer. Coherent SHEATH is an 

oscillating square pulse that evolves spin order using an efficient PTF, Bp, for a quick duration, Űp, 

and then switches to a larger field, Bs, where no spin evolution is expected (storage field), for a 

lengthier duration, Űs, to allow for a chemical reset with fresh parahydrogen associated to 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 15N nuclei are targets and at natural isotopic abundance (~0.4%), the likelihood of there 

being two 15N nuclei on the catalyst at the same time is <0.002%. For this reason, we assume that 

there will only be one 15N nuclei on the catalyst at any given moment, which results in a 3-spin 

system connected through a J coupling network. We also neglect any spin outside of the equatorial 

plan of the SABRE catalyst as J couplings are negligible to the nuclei of interest. Furthermore, we 

donôt include any spins in the substrate aside from the coordinating nitrogen atom. The 3-spin 

system is shown in Figure 7.2A.  
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Figure 7.2. [A] 3-spin SABRE system with A and Aô representing the hydrides and B representing 

the target 15N 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 fields, the hydrides are most appropriately 

described using the singlet-triplet basis.85 The singlet-triplet basis is appropriate since the hydrides 

are in a strong coupling regime, meaning the J coupling interactions between the hydrides are 

greater than their respective Zeeman interactions. Thus, the hydrides can occupy the S0 (S=singlet), 

T+, T-, or T0 (T=triplet) spin states.5 On the other hand, the target 15N nuclei is best represented in 

the Zeeman basis, where it can either occupy |Ŭἃ or |ɓἃ spin states.  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 in Figure 7.2B. However, in SABRE experiments parahydrogen is 

actively replenished into the solution, generating a constant supply of singlet order on nascent 

hydrides. For this reason, it is appropriate to assume that all complexes initially have pure singlet 

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

hydrides with a corresponding Zeeman state on the target 15N nuclei.  
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Figure 7.3. A matrix representation of the Hamiltonian for a 3-spin SABRE system where the 

hydrides are considered in the singlet-triplet basis and the target 15N spin is in a respective Zeeman 

basis. Here, vH and vN are the Larmor frequencies of the hydrides and 15N respectively, JHH is the 

J coupling between the hydrides, ȹJNH is the J coupling difference between the hydrides to the 15N 

target nuclei, and ɆJNH is the sum of the J couplings from the hydrides to the 15N 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 Hamiltonian for a 3-spin 

SABRE system. The simplified matrix is shown in Figure 7.3. See Appendix A for a Mathematica 

guide to construct the matrix in Figure 7.3. In this representation, vH and vN describe the Larmor 

frequencies of the hydrides and 15N respectively, JHH describes J coupling interaction between the 

hydrides, ȹJNH describes the J coupling difference between the hydrides to the 15N target nuclei, 

and ɆJNH is the sum of the J couplings from the hydrides to the 15N target nuclei. 

Upon analysis, two 3x3 blocks appear in the density matrix. These blocks have important 

significance as components in these respective blocks connect the singlet state of the hydrides and 
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a corresponding |Ŭἃ or |ɓἃ state on the target nuclei to a triplet state on the hydrides with a spin flip 

in the |Ŭἃ or |ɓἃ state on the target nuclei. The discussed states and their respective coherence 

characterizing elements (off-diagonal elements) are outlined in Figure 7.3 with a green and red 

box where |Ŭἃ and |ɓἃ states are polarized respectively. As mentioned above in SABRE 

experiments where parahydrogen is constantly replenished, hydrides on the active SABRE catalyst 

will pure singlet order. Thus, all spin evolution will stem from coherences (off-diagonal 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 coherence characterizing elements in a 2x2 

matrix block. The specified 2x2 matrix blocks for |Ŭἃ and |ɓἃ polarization are shown in Figure 

7.4A. 

 

Figure 7.4. [A] 2x2 matrix blocks for characterizing |Ŭἃ and |ɓἃ polarization extracted from Ǧtot, 

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 

ὴὸ Ὡ ὴπὩ    Eq. 14 
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Here, p(0), which is shown in Figure 7.4B, is the initial density matrix where only singlet 

order on the hydrides (p11 = 1) and no density in the transition to a triplet state with a corresponding 

spin flip on 15N nuclei to |Ŭ/ɓἃ (p22 = 0). Similar derivations have previously been explained.59  

 3% ὐ  Eq. 15 

 

Figure 7.5. [A] Simulated density plots sweeping through a range of ȹv, or polarization transfer 

fields, in both a [A]  strong (JNH = 26 Hz) and [B]  weak (JNC = 1 Hz) coupling system. In these 

plots, we fix variables to JNH = 26 Hz and JHH = 10 Hz. 

We then extract and add the p22 elements (second diagonal) together from both 2x2 

matrices after propagation, since they characterize spin evolution on the target 15N nuclei and 

consequently describe polarization buildup. The resulting function is shown in Equation 15. We 

can then exploit this function to characterize spin order transfer in varying systems and for 

elucidating ideal spin order transfer conditions in SABRE. For example, we can sweep different 

values for ȹv in both a strongly coupled system, like the SABRE system in the present case for the 
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anticancer drugs, or weakly coupled systems, like [1-13C]pyruvate. Experimentally, we can vary 

ȹv 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 strong (JNH = 26 Hz) and weak (JNC = 1 Hz) coupling system are shown in Figure 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. Once dissociated from the catalyst or 

in the storage field portion (Űs) of the Coherent SHEATH pulse, spin evolution is shut-off and the 

spin states are temporarily locked. This is shown in Figure 7.6 with an arbitrary sin function 

representing spin evolution and a decaying exponential representing dissociated substrates. 

 

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 call SEB, governed by the exchange rate, ŰExc. The resulting function is 
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shown by Equation 16 and in plotted in Figure 7.8B. This function now describes the polarization 

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

3%"3% Ὡ    Eq. 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 reassociated substrates.  

To account for the former, we simply integrate over SEB from 0 to the duration spent at an 

evolution field, ŰPTF, and normalize. The new function where we add the C term to SEB is shown 

in Equation 17 and in plotted in Figure 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 shown in Figure 7.7.  

 

Figure 7.7. Graphical depiction relating remaining complexes and new complexes formed during 

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 short-lived complexes where dissociation and 

reassociation events take place more than once during ŰPTF. The resulting function SEB+C2 is 

shown in Equation 18 and in plotted in Figure 7.8D. The complete derivation of the model from 

SE onwards, including how to fit the model to the data, in Mathematica can be found in Appendix 

B. 

3%"#ς 3%" 
᷿

᷿

ρ Ὡ )  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 to JNH = 26 Hz, JHH = 10 Hz, ȹv = 10 Hz. [A] Spin evolution for the buildup of 

polarization on the target 15N nuclei when bound to the catalyst. [B] Spin evolution weighted with 

a decaying exponential function governed by the exchange rate, ŰExc. [C] Spin evolution weighted 

with a decaying exponential function governed by the exchange rate, ŰExc with the addition of a 

correcting term that accounts for polarization build-up on dissociated substrates. [D] Spin 

evolution weighted with a decaying exponential function governed by the exchange rate, ŰExc with 

the addition of a correcting term that accounts for polarization build-up on 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 to 0.1s (kd = 10 to 

100s-1) is shown in a density plot and 3D plot in Figure 7.9.  

 

Figure 7.9. Simulated [A] density plot and [B] 3D plot sweeping through a range of exchange 

values. In these plots, we fix variables to JNH = 26 Hz, JHH = 10 Hz, and ȹv = 10Hz. 

7.3: Fitting Model to Experimental Data 

We tested the efficacy of the derived model with Coherent SHEATH experimental data on 

two different substrates, letrozole and anastrozole. As discussed in the introduction, Coherent 

SHEATH experiments allow real-time tracking of spin order transfer, making them ideal 

experiments to challenge our model. We acquired data at three different polarization transfer field 

strengths (0.3 µT, 0.5 µT, and 0.7 µT) at three different temperatures (30 °C, 40 °C, and 50 °C) 

resulting in nine plots for each substrate. Plots with our fitted model for anastrozole are shown in 

Figure 7.10 for various temperatures (Figure 7.10 A-C) and polarization field strengths (Figure 

7.10D-F). As shown, our model has relatively good agreement with experimental results, 

especially for short durations of Űp.  
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Figure 7.10. Experimental Coherent SHEATH data (grey dots) for anastrozole overlaid with fitted 

model (green lines) where Exc and ȹv are granted freedom while JNH = 26 Hz and JHH = 10 Hz. 

Data was collected at various [A-C] temperatures and polarization field strengths [D-F].  

These experimental conditions should directly impact variables Exc and ȹv respectively 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 variables Exc and ȹv. A summary of the predicted values for Exc and 

ȹv after fitting our model across all plots are shown in Table 7.1 for letrozole and Table 7.2 for 

anastrozole. As shown, the model can accurately decipher between faster and slower exchanging 

systems and higher and lower frequency differences between the hydrides and 15N target nuclei.  

Table 7.1. Summary of variables after fitting experimental data with the model for letrozole, 

granting freedom to optimize Exc and ȹv while fixing JNH = 26 Hz and JHH = 10 Hz.  
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Table 7.2. Summary of variables after fitting experimental data with the model for anastrozole 

granting freedom to optimize Exc and ȹv while fixing JNH = 26 Hz and JHH = 10 Hz.  

 

Upon analysis, there is good agreement of the elucidated exchange rates for each 

temperature at varying fields. Moreover, there is good agreement in terms of the elucidated 

frequency differences for each field at varying temperatures. Together, this indicates that our 

model can accurately differentiate between the effect of altering the temperature versus varying 

the field strength. The quality of our fits is highlighted in Figure 7.10 where we show fitted 

experimental data for letrozole at varying temperatures (Figure 7.10A-C) and varying polarization 

transfer fields (Figure 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 systems stems from the absence of 

demanding and complex steps which employ super operators or differential equations. Although 

these models also show good agreement with experimental data,288 a more in-depth understanding 

of SABRE mechanics can be made from a simpler equation. 

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 data. The 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 field. On this 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 unveil J couplings 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. The precatalyst, 

[Ir(IMes)(COD)Cl] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, COD = 1,5-

cyclooctadiene), was synthesized in lab with commercially available starting materials, following 

a previously published procedure.142   
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Sample Preparation: All samples are prepared using standard Schlenk line conditions, 

maintaining an oxygen-free environment. Samples are prepared with a 30 mM substrate (letrozole 

or anastrozole) and a 3 mM precatalyst in 500 ɛL of deuterated methanol. Samples are then 

transferred into a 7ǌ medium wall NMR tube (Wilmad 524-PV-7) and connected to our in-house, 

fully automated, pneumatic shuttling system.47 Samples 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 home-built solenoid coil inside mu-metal shields. The dynamic PTF alternates between 

two distinct fields, an ñevolution fieldò, denoted Bp, and a ñstorage fieldò, denoted Bs, for different 

durations, Űp and Űs, respectively, n times for 90 s. The dynamic PTF is generated using a simple 

circuit board, TTL lines, and solid-state relays. In this method, a pulse sequence can be developed 

using Bruker software to automate the process. Largest signal enhancements are observed at Bp = 

0.5 ɛT while maintaining a Bs of Ḑ30 ɛT, which is the highest achievable field in our experimental 

design. 
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