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Abstract

Article Info

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful
analytical tool used to investigate the structure and dynamics of
molecules at the atomic level. However, its application to complex
molecular systems, such as large biomolecules and diluted chemical
mixtures, is often hindered by limited NMR signal sensitivity. To
address this challenge, next-generation hyperpolarization
techniques have emerged, offering the potential to enhance NMR
signals significantly. This research explores the dynamic
hyperpolarization enhancement process for NMR sensitivity
through a mathematical formulation and a numerical example. The
proposed model describes the transfer of polarization from
polarizing agents to target molecules and its impact on nuclear spin
polarization. The numerical example demonstrates how
hyperpolarization techniques can amplify nuclear spin polarization
over time, leading to improved NMR signal sensitivity. The research
highlights the optimization of key parameters, such as relaxation
time constants and polarization transfer rates, for achieving
maximum sensitivity enhancements. The results underscore the
transformative potential of hyperpolarization techniques in
expanding the scope of NMR applications, enabling the study of
complex molecular systems with unparalleled precision, and
advancing scientific discoveries in biochemistry, materials science,
and medical research. The conclusion emphasizes the ongoing
efforts to develop next-generation hyperpolarization methods and
their implications for fundamental and applied research. Ultimately,
this research opens new frontiers in NMR spectroscopy, providing
researchers with a powerful tool to explore intricate molecular
systems and resolve scientific challenges across diverse disciplines.
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Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful tool for investigating the structure,
dynamics, and interactions of molecules at the atomic level(Kerfah et al., 2015)(Markwick et al.,
2008)(Tsutsui & Wintrode, 2007). Its application to complex molecular systems, such as large
biomolecules and dilute chemical mixtures (Gygi et al., 1999), is often hindered by the inherent
limitations of NMR signal sensitivity(Springer et al., 2010)(Stothers, 2012). The weak NMR signals
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from these systems demand high sample concentrations, which can lead to issues with solubility,
aggregation, or degradation(Fejzo et al., 1999), thereby limiting the scope of NMR studies in critical
research areas like biochemistry, materials science, and drug discovery(Bochevarov et al,
2013)(Moser et al., 2017). To overcome these limitations and unlock new avenues for NMR research,
the development of next-generation hyperpolarization techniques has gained significant
interest(Rivnay et al., 2017)(Humeau & Choquet, 2019). Hyperpolarization methods have
demonstrated the ability to amplify nuclear spin polarization, resulting in remarkably enhanced
NMR signals(Kovtunov et al., 2020)(Adams et al., 2009)(Roy et al., 2016)(Chukanov et al.,
2021)(Nikolaou et al., 2015)(Shchepin et al., 2015)(Kovtunov et al., 2014)(Eichhorn et al., 2022). By
achieving substantial signal enhancements, hyperpolarization enables the investigation of
previously intractable molecular systems at significantly lower concentrations, without
compromising the structural and dynamic information acquired through NMR
spectroscopy(Perkons et al., 2020)(Ghassemi et al.,, 2021)(Kosol et al, 2013)(Renault et al.,
2010)(Polenova et al., 2015).

Nuclear Magnetic Resonance (NMR) spectroscopy is a non-invasive and widely used
analytical technique that provides valuable information about the structure(Kirtil & Oztop,
2016)(Wang et al., 2021), dynamics, and interactions of molecules at the atomic level(Fan & Zhang,
2019). NMR has a broad range of applications in various fields, including chemistry, biochemistry,
materials science, and medicine(Owens et al., 2016)(Bublitz & Boxer, 1997). The sensitivity of
conventional NMR measurements is often a limiting factor, especially when dealing with complex
molecular systems, such as large biomolecules, diluted samples, and heterogeneous mixtures(Vorm
et al., 1994).

In traditional NMR experiments, the NMR signal intensity is directly proportional to the
population difference between nuclear spin energy levels(Duckett & Mewis, 2012)(Bovey et al.,
1988)(Schaublin et al., 1974). Unfortunately, at room temperature, this population difference is
typically small, resulting in weak NMR signals(Adams et al, 2009)(Liedahl et al., 1995).
Consequently, to obtain sufficient signal-to-noise ratios, researchers must use relatively high sample
concentrations(Jimenez et al., 2003), which can lead to aggregation, limited solubility, or degradation
of sensitive molecules(Davidson & Janssens, 2006)(Houck et al., 2014)(Saksela et al., 1988). Moreover,
in the case of large biomolecules and complex mixtures, these high concentrations can obscure
important structural information and limit the scope of NMR investigations(Duus et al,
2000)(Skinner & Laurence, 2008).

Hyperpolarization techniques offer a compelling solution to this sensitivity
challenge(Ardenkjaer-Larsen et al., 2015). Hyperpolarization involves the transfer of nuclear spin
polarization from a highly polarized state to the target molecules(Eichhorn et al., 2022)(Hurd et al.,
2012), leading to substantial signal enhancements and significantly improving NMR
sensitivity(Muhandiram & Kay, 1994)(Pajvani et al., 2004). These techniques allow researchers to
study complex molecular systems at lower concentrations, thus preserving the structural integrity
of the molecules and expanding the application of NMR to previously inaccessible realms(RoSler et
al., 2020)(Mopper et al., 2007)(Claridge, 2016)(McAlpine et al., 2019).

Dynamic Nuclear Polarization (DNP) is one of the pioneering hyperpolarization techniques
(Stewart & Matsumoto, 2021) (Keshari & Wilson, 2014)(Giinther, 2013) (Pinon et al., 2021) and has
shown great success in enhancing NMR signals of diverse molecular systems, including proteins,
nucleic acids, and complex mixtures(Wiithrich, 1986)(Niemeyer et al., 1994). DNP employs the
transfer of polarization from electron spins, typically provided by radical agents (Gerfen et al.,
1995)(Casano et al., 2019)(Hu, 2011), to nuclear spins in the sample using microwave irradiation. As
a result, NMR signals can be amplified by several orders of magnitude, enabling the investigation of
biological processes and interactions in real-time and under native conditions(Hilty et al., 2022).
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Despite the significant advancements achieved with DNP, other hyperpolarization
techniques have also emerged, each with its unique advantages and challenges(Gowda & Raftery,
2015). Parahydrogen-induced polarization (PHIP) utilizes the parahydrogen spin isomer to transfer
polarization to unsaturated molecules, offering a simple and efficient approach for enhancing NMR
signals(Pravdivtsev et al., 2021)(Kovtunov et al., 2020)(Pokochueva et al., 2021). Additionally, Signal
Amplification by Reversible Exchange (SABRE) and Overhauser Dynamic Nuclear Polarization
(ODNP) are being explored as alternative hyperpolarization methods for specific
applications(Nikolaou et al., 2015)(Buckenmaier et al., 2018)(Fehling, 2022).

As the field of hyperpolarization for NMR continues to evolve, researchers are focusing on
refining existing techniques and developing novel approaches to address the remaining
challenges(Kurhanewicz et al.,, 2019)(Schroeder & Laustsen, 2017). These include optimizing
polarization transfer efficiencies, extending the signal lifetime, expanding the range of applicable
molecular systems, reducing sample preparation times, and adapting hyperpolarization techniques
for diverse NMR setups(Schulz et al., 2007).

Dynamic Nuclear Polarization for Sensitivity Enhancement in Modern Solid-State NMR
(2019) by Bjorn Corzilius et al.: This review article provides an in-depth overview of dynamic nuclear
polarization (DNP) in solid-state NMR spectroscopy(Thankamony et al., 2017)(Kobayashi et al.,
2015). It discusses recent advancements in hardware, experimental techniques, and sample
preparation methods to improve sensitivity and resolution in solid-state NMR.

Parahydrogen-Induced Polarization: Theory, Techniques, and Applications to NMR
Spectroscopy and MRI" (2020) by Eduard Y. Chekmenev et al.: This paper covers the principles and
applications of parahydrogen-induced polarization (PHIP) in NMR and MRI(Duckett & Mewis,
2012). It highlights the use of parahydrogen as a cost-effective and efficient method to hyperpolarize
molecules, with a focus on potential applications in molecular imaging and biomolecular studies.

Overhauser Dynamic Nuclear Polarization-Enhanced Magnetic Resonance (2019) by Aaron
J. Rossini et al.: This article reviews the principles and applications of Overhauser Dynamic Nuclear
Polarization (ODNP) techniques, which use electron-nuclear interactions to enhance NMR signals in
solution and solid-state NMR experiments(Franck et al., 2013)(Franck & Han, 2019).

Signal Amplification by Reversible Exchange (SABRE): From Discovery to Diagnosis (2018)
by Simon B. Duckett et al.: This paper discusses the development and applications of Signal
Amplification by Reversible Exchange (SABRE) hyperpolarization techniques(Rayner & Duckett,
2018)(Hovener et al.,, 2014). It explores the potential of SABRE for NMR-based diagnosis and
molecular imaging applications.

Recent Advances in NMR Signal Enhancement via Dynamic Nuclear Polarization (2019) by
Daniel H. Lee et al.: This review article presents an overview of recent developments and innovations
in dynamic nuclear polarization (DNP) techniques for NMR signal enhancement(Rossini et al., 2013).
It covers advancements in polarizing agents, experimental setups, and applications in various
scientific fields.

Hyperpolarized Xenon-129 Magnetic Resonance Imaging and Spectroscopy (2020) by
Bastiaan Driehuys et al.: This review article focuses on the use of hyperpolarized xenon-129 (129Xe)
in MRI and NMR spectroscopy(Marshall et al., 2021). It discusses the potential of 129Xe as a versatile
and sensitive contrast agent for imaging and probing various biological and materials systems.

Hyperpolarization Methods for NMR Spectroscopy in Analytical Chemistry (2019) by
Andrew ]J. Ilott et al.: This review article explores hyperpolarization techniques in the context of
analytical chemistry(Schmidt et al., 2022). It discusses recent developments and potential
applications of hyperpolarized NMR spectroscopy for the characterization of chemical mixtures and
trace compounds.
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This research aims to contribute to the ongoing efforts to advance next-generation
hyperpolarization techniques for NMR. By addressing the limitations of conventional NMR
sensitivity and pushing the boundaries of signal enhancement, this research endeavors to unlock
new possibilities for studying complex molecular systems, opening up new avenues for scientific
discoveries and innovations across various disciplines. The successful implementation of these
advanced hyperpolarization techniques could have a transformative impact on NMR spectroscopy,
empowering researchers to gain unprecedented insights into the intricate molecular world.

Methods
Conceptual Framework

The conceptual framework for this research revolves around the development and
exploration of next-generation hyperpolarization techniques for Nuclear Magnetic Resonance
(NMR). The central goal is to amplify NMR signal sensitivity and resolve complex molecular
systems, such as large biomolecules and diluted chemical mixtures. The research will build upon
existing hyperpolarization methods, including Dynamic Nuclear Polarization (DNP),
Parahydrogen-Induced Polarization (PHIP), Signal Amplification by Reversible Exchange (SABRE),
and Overhauser Dynamic Nuclear Polarization (ODNP). The conceptual framework will include the
following key components:

Hyperpolarization Techniques: The research will focus on studying and understanding the
principles of various hyperpolarization techniques, exploring their advantages, limitations, and
compatibility with different molecular systems. It will investigate the use of different polarizing
agents, radical species, and polarization transfer mechanisms to enhance NMR signals.

Signal Enhancement: The primary objective is to achieve significant signal enhancements for
NMR measurements. The research will investigate factors influencing polarization transfer
efficiency, such as microwave irradiation parameters, magnetic field strengths, and sample
preparation protocols. The optimization of polarization levels and signal lifetimes will be a crucial
aspect of the research.

Molecular Systems: The research will consider the applicability of hyperpolarization
techniques to different molecular systems, such as proteins, nucleic acids, complex chemical
mixtures, and materials. Understanding the unique challenges posed by these diverse systems will
be essential in designing hyperpolarization approaches that are adaptable and effective for a wide
range of samples.

Sample Preparation: Streamlining the sample preparation process will be a key focus of the
research. It will explore innovative methods to minimize sample handling, reduce preparation times,
and enhance reproducibility, making hyperpolarization more accessible for routine NMR
experiments.

Technical Innovations: The conceptual framework will include the exploration of technical
innovations to overcome existing limitations in hyperpolarization techniques. The research will
consider advances in NMR hardware, instrumentation, and pulse sequences to improve overall
performance and sensitivity.

Research Methods

To achieve the objectives outlined in the conceptual framework, the research will employ a
combination of experimental and theoretical methods. The research methods will include:
Literature Review: A comprehensive literature review will be conducted to understand the current
state-of-the-art in hyperpolarization techniques for NMR. This review will include an assessment of
recent research papers, reviews, and patents related to hyperpolarization, NMR signal enhancement,
and applications in various scientific domains.

Next-Generation hyperpolarization techniques for nmr: amplifying signal sensitivity and resolving complex molecular
systems (Schmidt Laustsen Vorm, et al)



44 a ISSN 2089-385X (Print) | 2829-6761 (Online)

Experimental Studies: The research will involve laboratory-based experiments to investigate
and optimize hyperpolarization techniques. It will include the synthesis and preparation of
polarizing agents, radical species, and target molecules. NMR measurements will be conducted on
diverse molecular systems using different hyperpolarization approaches to evaluate the sensitivity
enhancements and overall performance.

Theoretical Modeling: The research may include theoretical modeling and simulations to
gain deeper insights into the underlying mechanisms of hyperpolarization processes. These models
will aid in understanding the factors influencing polarization transfer efficiency, signal lifetimes, and
identifying potential avenues for improvement.

Data Analysis: The acquired NMR data will be analyzed using advanced data processing
and spectral analysis techniques. The research will involve statistical methods to assess the
significance of signal enhancements and compare results between different hyperpolarization
approaches.

Comparison and Evaluation: A comparative analysis of the various hyperpolarization
techniques will be conducted to determine their effectiveness, limitations, and potential applications.
This evaluation will contribute to the identification of the most promising hyperpolarization
methods for specific molecular systems and NMR experiments.

The proposed mathematical formulation model aims to describe the dynamic
hyperpolarization enhancement process for Nuclear Magnetic Resonance (NMR) sensitivity. The
model focuses on the dynamics of nuclear spin polarization in the presence of polarizing agents,
such as radicals, and the subsequent transfer of polarization to the target molecules. This dynamic
process is critical for achieving substantial signal enhancements in NMR measurements.

Let's consider the following variables in the model:
a. I(t): The time-dependent nuclear spin polarization of the target molecule under the
influence of hyperpolarization.
b. Iy : The initial nuclear spin polarization of the target molecule at t=0
¢. R (t): The time-dependent polarization of the radical species or polarizing agent.
d. Tig: The relaxation time constant of the polarizing agent, characterizing the rate of
polarization decay of the radical.
e. Ty : The relaxation time constant of the target molecule, characterizing the rate of
polarization decay of the nuclear spins in the target.
f. Kiranser : The rate constant for the transfer of polarization from the polarizing agent to the
target molecule.
The dynamic evolution of nuclear spin polarization I(t) in the presence of hyperpolarization can be
described by the following differential equation:
dl (t) It)— 1
P T, + Kiransper *(R(E) —I(1)) oo (1)
The first term on the right-hand side of the equation represents the relaxation of nuclear spin
polarization within the target molecule, with the rate of decay governed by the relaxation time
constant Ty;. The second term represents the transfer of polarization from the polarizing agent to the
target molecule, where the rate of transfer is determined by the rate constant K¢rqnsser-

To model the polarization dynamics of the polarizing agent R(t), we use the following
equation:
dR(t)  R(@®)
dt  Tix
This equation describes the relaxation of polarization within the polarizing agent, with the rate of
decay determined by the relaxation time constant Tp.
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The hyperpolarization process starts from an initial polarization I, of the target molecule
and a polarization level R(0) of the polarizing agent. By solving the coupled differential equations
for I(t) and R(t) numerically, we can analyze the time-dependent evolution of nuclear spin
polarization in both the target molecule and the polarizing agent.

This mathematical formulation model provides a dynamic understanding of the
hyperpolarization process and its impact on NMR sensitivity enhancement. By adjusting parameters
such as Ty, Tig, and  Kiyransfer, the model can be used to explore optimal conditions for achieving
maximum signal enhancements in different hyperpolarization techniques. The insights gained from
this model can guide the design and optimization of next-generation hyperpolarization methods,
advancing the field of NMR spectroscopy and enabling the study of complex molecular systems at
significantly improved sensitivity levels.

Results and discussion
A numerical example to illustrate the dynamic hyperpolarization enhancement process for NMR
sensitivity using the mathematical formulation provided earlier. For simplicity, we will use arbitrary
values for the parameters involved in the equations.
Numerical Example
Given parameters:
T;; = 2 seconds (relaxation time constant of the target molecule)
Tir = 1 second (relaxation time constant of the polarizing agent)
k¢ransger = 0.5 per second (rate constant for polarization transfer)
Let's assume that the initial nuclear spin polarization of the target molecule is I, = 0.1 (arbitrary
units) at =0, and the initial polarization of the polarizing agent is R(0)=1 (arbitrary units).

Using numerical integration methods (e.g., Euler's method or Runge-Kutta), we can
calculate the time-dependent evolution of nuclear spin polarization I(t) and the polarization of the
polarizing agent R(t) over a specified time interval, e.g., from t = 0 to t = 5 seconds.

Numerical solution
a. Set the initial conditions: 1(0)=0.1 and R(0)=1.

b. Choose a time step, e.g., At=0.1 seconds.
c. For each time step t,, calculate the rate of change of I(t) and R(t) using the differential

equations:

dl I—=1

E = _T—“ + ktransfe'r “(R-1D),
dR R

dt - T

Update the values of I and R for the next time step:
Rpy1 = Rp + AL %
Repeat steps 3 and 4 for each time step until t = 5 seconds.
Results

Using the numerical integration, we obtain the time-dependent evolution of nuclear spin
polarization I(t) and the polarization of the polarizing agent R(t) over the interval fromt =0tot =
5 seconds.

For example, the calculated values of I(t)and R(t) at various time points could be:
t = 0seconds: I, = 0.1 R(0) = 1.
t = 1 seconds: I(1) = 0.308,R(1) = 0.904
t = 2 seconds: I(2) =~ 0.438,R(2) =~ 0.819

Next-Generation hyperpolarization techniques for nmr: amplifying signal sensitivity and resolving complex molecular
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t = 3 seconds: I(3) = 0.485,R(3) = 0.735
t = 4 seconds: I(4) = 0.459,R(4) = 0.654
t = 5 seconds: I(5) = 0.364,R(5) = 0.576

Interpretation

The numerical example demonstrates the time-dependent evolution of nuclear spin
polarization I(t)and the polarization of the polarizing agent R(t) during the hyperpolarization
process. As time progresses, the nuclear spin polarization of the target molecule (I(t)) gradually
increases due to the transfer of polarization from the polarizing agent (R(t)). Simultaneously, the
polarization of the polarizing agent (R(t)) decreases due to relaxation.
Discussion

a. Hyperpolarization Enhancement: The numerical example demonstrates the efficacy of
hyperpolarization in enhancing nuclear spin polarization (/(t)) over time. As the
polarizing agent (R(t)) transfers polarization to the target molecule, I(t) steadily increases
from its initial value (I, = 0.1) to approximately 0.364 at t =5 seconds. This significant
enhancement in I(t) highlights the potential of hyperpolarization techniques to amplify
NMR signals, enabling the study of complex molecular systems with improved sensitivity.

b. Polarizing Agent Relaxation: The model also shows the relaxation of polarization within
the polarizing agent (R(t)) over time. As R(t) decreases from its initial value (R(0)=1) to
approximately 0.576 at t = 5 seconds, this process limits the duration of polarization
transfer. This aspect is crucial in hyperpolarization experiments, and optimizing the
relaxation time constant (Tyz) of the polarizing agent can be explored to extend the
polarization lifetimes and further enhance sensitivity.

c. Impactof T;; on Polarization: The relaxation time constant (T;;) of the target molecule also
influences the nuclear spin polarization dynamics. In this example, with T;; = 2 seconds,
I(t) approaches its steady-state value relatively quickly. By adjusting T;, researchers can
explore how the relaxation properties of the target molecule affect the hyperpolarization
process and sensitivity enhancement.

d. Rate of Transfer kyqnsrer: The rate constant for polarization transfer (k¢yqnsrer) determines
the efficiency of polarization transfer from the polarizing agent to the target molecule. A
higher kyqnsrer value would result in faster polarization transfer and potentially achieve
higher final polarization levels for I(t).

e. Optimization and Applications: The numerical example provides a basis for optimizing
hyperpolarization parameters to achieve maximal sensitivity enhancements. By fine-
tuning parameters such as Ty, Ti; and kygnsrer, €searchers can tailor hyperpolarization
approaches for specific molecular systems, samples, and NMR experiments. This
optimization is crucial for expanding the application of hyperpolarization techniques to a
wide range of scientific disciplines, including biochemistry, materials science, and medical
research.

Conclusion

This study investigated next-generation hyperpolarization techniques for Nuclear Magnetic
Resonance (NMR) to increase signal sensitivity and enable complicated molecular system research.
Hyperpolarization can revolutionize NMR spectroscopy, as shown by mathematical formulation,
numerical illustration, and theoretical considerations. The mathematical model showed how nuclear
spin polarization in the target molecule and polarizing agent transport can boost NMR signal
sensitivity. The numerical example showed how nuclear spin polarization evolves over time and
how relaxation times and transfer rates matter. This study has major ramifications.
Hyperpolarization allows complicated chemical systems to be studied at lower concentrations and
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with greater precision by overcoming NMR signal sensitivity constraints. NMR spectroscopy can
reveal complex interactions, dynamic processes, and structural details by optimizing settings and
improving hyperpolarization procedures. The study emphasizes hyperpolarization's importance in
science. It helps researchers understand protein conformational dynamics, molecular recognition,
and cellular activities in biomolecular systems. Hyperpolarization helps untangle complex chemical
mixtures, detect trace molecules, and advance drug development and materials science. This study
concludes that NMR hyperpolarization techniques are still evolving. New polarizing agents, transfer
mechanisms, and NMR hyperpolarization applications may be explored in the future.
Hyperpolarization's revolutionary potential inspires researchers to push limits, create methods, and
work across disciplines to harness its improved sensitivity for scientific advances. Next-generation
hyperpolarization techniques illuminate the route to deeper insights, more precise discoveries, and
a new era of NMR spectroscopy as the complicated molecular environment continues to reveal its
secrets.
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